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CHAPTER 1 
 
INTRODUCTION 
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1. CONFORMATION, NMR, AND MOLECULAR 
MODELLING 
Molecular recognition is at the heart of essential life events. This fact poses a key 
question at the (bio)-chemical level: “How do molecular recognition processes work?” 
In the carbohydrate chemistry field, biochemistry, and biomedicine, current knowledge 
indicates that saccharides are mobile species and that, therefore, their shapes can be 
defined as a “bunch of conformations (keys), each of which may be selected by a 
receptor”1. This new perspective partially modifies the oldest paradigm proposed by E. 
Fischer:  “the lock and key” concept, introduced in 18942. 
The understanding of the molecular recognition process at the maximum possible level 
implies the determination of the shapes and energies of the interacting entities, both 
before and after the recognition event.  
This fact poses a challenge when carbohydrates are concerned, since they are flexible 
entities. Saccharides display a variety of torsional degrees of freedom, including the 
glycosidic linkages, and therefore, they may adopt several possible conformations in 
solution.  
Thus, the definition of the overall structure of a given oligosaccharide implies the 
determination of numerous parameters: the ring size and shape of the constituting 
monosaccharides, the measurement of the glycosidic linkages (Ф, Ψ) and 
hydroximethyl torsions (ω), which determine the relative orientations between the 
distinct residues, and the positions where the substituents are attached and their relative 
orientations. 
From the conformational viewpoint, it has to be mentioned that, as for most organic 
molecules, the shape of these molecules are regulated by stereoelectronic effects. The 
existence of anomeric effects has been demonstrated long ago3, 4  and they are key 
actors in determining the shape of saccharide molecules. Although well known, it 
should be noted the term “anomeric effect” reflects the fact that certain orientations 
around the anomeric carbon are preferred. This is the case for axial versus equatorial 
orientations for electronegative substituents (anomeric or better, endo-anomeric effect) 
and of syn-type orientations for the aglycons with respect to the O5-C1 bonds of the 
pyranoid ring (exo-anomeric effect). The combination of these stereoelectronic effects 
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together with steric and solvent interactions gives rise to the particular conformation or 
conformations adopted by a given oligosaccharide. Moreover, it can be considered that 
these factors are also responsible for the partial charge distribution, which has key 
implications in the establishment of inter- and intra-residual hydrogen bonding, solvent 
accessibility, and binding ability to interact with proteins and other biomolecules.  
 
This high level of complexity has made necessary to use distinct techniques to reveal 
the three-dimensional structures of this class of biomolecules. Many techniques and 
experimental protocols have been devised to deal with sugar molecules, from the 
vacuum, to the solid state to the liquid, both free or forming part of molecular 
complexes.  
In this manuscript, we will mainly focus on the employment of NMR spectroscopy, 
assisted by molecular modelling methods. However, the importance of other protocols 
has also to be recognized. 
 It is well known that NMR may provide key information of the geometry of the 
molecule in solution, although for flexible molecules, the obtained parameters are time-
averaged among all components present in solution. Under these conditions, 
deconvolution of the different constituting entities is indeed challenging. 
Therefore, in many instances, experimental NMR measurements have been assisted by 
molecular modelling techniques as a manner to access the required geometry 
information. With molecular modelling, we refer to the employment of quantum 
mechanics, molecular mechanics, and/or molecular dynamics methods, which permit to 
predict geometries, dynamic properties, and their associated energies, with a high 
degree of accuracy, for many different molecules, including oligosaccharides. 
Fortunately, progress in new experiments and software and hardware developments 
permit nowadays to tackle complex problems in the scientific field, and to deduce key 
information on different molecular recognition processes in which oligosaccharides are 
involved. 
The aim of this chapter is to present and explain the different parameters necessary for a 
satisfactory description of oligosaccharides, as well as the key experimental and 
theoretical methods that may employed to this aim. We will start from monosaccharide 
molecules, increasing the level of complexity to larger molecules. 
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1.1 The Conformation of Mono and Oligosaccharides 
Usually, simple sugar molecules form six-member rings (pyranoses). These are 
hemiacetal rings, as depicted in Fig.1 with the classical representations proposed by 
Fischer (a) and Haworth (b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                 
Fig. 1. Classical Representation of pyranose by Fischer and Haworth. 
Fig. 2. Representation of chair-like low-energy geometries (a). Other possible conformers (b) 
There are two preferred conformations in the conformational itinerary of a pyranose 
ring, the two alternative low-energy chair geometries showed in Fig.2a. Obviously, 
depending on the substituents and their relative orientations (axial or equatorial), one of 
the two chairs become energetically favoured.  For β-D-glucose, the most stable 
conformation is adopted when all the hydroxyl groups are located in equatorial position. 
This is the 4C1 chair conformation. The nomenclature is defined by placing a plane 
Fig.1 
Fig.2 
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through C2, C3, C5 and O5 and looking where C1 and C4 are situated in relation to the 
plane.  
The interconversion between the two chairs is very complex and can be rationalized by 
the representation proposed in 1975 by Cremer and Pople5, 6. They introduced polar 
spherical Q (amplitude), θ (angle) and φ (phase) coordinates, corresponding to the ring-
puckering parameters, which can be extended to any cyclic molecule. This set of 
coordinates permits the mapping of all types of puckering, for a given amplitude (Q), on 
the surface of a sphere. Observing Scheme 1 below, the more stable chair conformations 
are localized at the poles of the sphere. The 4C1 form has θ~0°, while the 
1C4 analogue 
has θ~180°. Moreover, the less-stable boats and skew boats are situated around the 
equator with θ~90°. 
 
 
 
 
 
 
 
 
 
 
Scheme 1. Cremer-Pole representation of ring puckering
6
 
Pyranoses can show α or β substitutions at the anomeric centre. This substitution 
strongly influences the shape of the six-member rings. For D-sugars, the α substituent 
adopts the axial orientation in the 4C1 chair conformation. 
For a full description of the shape of the ring, it is also necessary to consider the 
presence of the hydroxyl groups and their relative spatial orientation. In principle, and 
for sake of simplicity, it is possible to consider that the secondary hydroxyl groups 
adopt an orientation that allows them to form the maximum number of hydrogen bonds. 
Thus, they may display the so called “clockwise” or “reverse-clockwise” orientations 
showed in the Fig.3 for a glucose unit.  
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Fig.3. “Clockwise” (right) and “reverse-clockwise” (left) representation of the orientation of the 
secondary hydroxyl groups 
One additional key feature refers to the orientation of the exocyclic torsion angle 
formed by O5-C5-C6-O6. In Fig.4, it may be observed that this torsion angle can adopt 
three different staggered rotamers. 
 
 
 
 
 
Fig.4. The gt, tg, and gg rotamers of methyl α-D-glucopyranoside 
 
These three rotamers, gg (gauche-gauche), gt (gauche-trans), tg (trans-gauche), 
represented in the Newman projections (Fig.5) for glucose, have relative low-energy 
barriers for their interconversion and usually, conformational equilibria around the 
corresponding angle (ω, see below) are found. The driving force for any given 
preference is based on the proper combination of steric, stereoelectronic and solvation 
effects7-16.  
 
 
 
 
 
 
 
Fig. 5. The possible rotamers around the hydroxymethyl group. 
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When two or sugar more residues are linked together in a sequence, new structural 
parameters have to be introduced. As depicted in Figure 6, three torsion angles are 
required to define the relative orientation between the units: Ф, Ψ, ω. Indeed, for most 
disaccharide entities only Ф,Ψ are required. 
The Ф,Ψ dihedral angles (Fig.6) describe the orientation around the glycosidic linkages 
and they are defined as Ф= H1-C1-O-Cx and Ψ= C1-O-Cx-Hx, where x is referred to 
the aglycon position. When the elongation of the chain also involves the position 6 of 
the aglycon, then the ω dihedral angle is also required to define the spatial orientation of 
the disaccharide (ω= O5-C5-C6-O6). 
 
 
 
 
 
 
 
 
 
 
 
 
Obviously, not all the combinations of Φ/Ψ are equally favoured from the energy 
viewpoint. From the steric viewpoint, certain combinations will give rise to steric 
conflicts, while others will provide stabilizing Van der Waals interactions. Thus, the 
low energy regions in terms of Φ/Ψ values may be described by a Ramachandran-type 
plot, in analogy to that employed in peptides17. In general, the ring puckering is 
considered to be kept fixed, while the relative orientation between the two residues can 
be defined by the angles between the planes, which are the Φ and Ψ torsional angles. In 
fact, this Φ,Ψ representation (Fig.7), generates a simple projection of the potential 
energy surface, indicating the energetically allowed conformations of the disaccharide. 
Of course, depending on the nature of the sugars and the type of glycosidic linkage, 
several minima can be present, with different energies for the possible transitions 
Fig. 6.  
Torsion angles φ, ψ, and ω  
(a)  Newman projection along the 
C1—O1 bond illustrating Ф for 
the 1→6 glycosidic linkage.  
(b)  Newman projection along the 
C6′—O1 bond illustratingΨ for a 
1→6 linkage.  
(c)  Newman projection along the 
C5′—C6′ bond illustrating ω.  
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between one minimum and the contiguous one. For linear oligosaccharides, it may be 
considered (in general) that every single disaccharide entity is independent of the 
surroundings, and therefore these maps may represent a good tool understand the 
conformational behaviour of oligomers. 
 
 
 
 
 
 
 
 
 
Fig.7. Ramachandran type Φ/Ψ map for a disaccharide. The different energy levels are denoted by 
different colours (left). Graphical representation of the planes formed  by carbohydrates (right, adapted 
from Salisburg et al. 2008
17
). 
Φ 
 
Ψ 
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1.1.2 The Anomeric Effects 
The anomeric effect in acetals denotes the evidence that the more steric-hindered 
conformer (gauche/gauche) is more stable than the anti/gauche and anti/anti conformers 
(Fig.8). This effect takes place in R-X-A-Ysystem, where X is an atom with lone pairs, 
A is shows intermediate electronegativity, and Y has higher electronegativity than A 
(N,O,S,..). In this system, the anomeric effect drives the preference of the gauche 
conformer (X-axial) instead of the anti analogue18-22. In carbohydrates in solution this 
force promotes the formation of axial anomers instead of the equatorial ones. 
 
 
 
 
 
 
 
 
Fig.8. Schematic representation of the anomeric effects 
In 1955, Edward assigned to electronic interactions the key role of this mechanism23, 
but there have been several theories trying to explain this stereo-electronic effect. First, 
dipole effects (Figure 9, A, B, left) were invoked, but were early discarded. In 1958, 
Lemieux and Chiu showed24 the existence of a the solvent-dependent conformational 
behaviour (Fig. 9C) in the ratio between the α/β anomers, with polar solvents stabilizing 
the more polar equatorial conformation. However, the dipole-based theory was 
inconsistent with many examples4, 25-27.   
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Fig.9. A)The dipole-based model to explain the anomeric effects B) the electrostatic interaction. 
C) The solvent role 
During the 80s, the molecular orbital (MO) theory was used to  propose a model in 
which an electronic transfer occurred from the non bonding electron pair of one oxygen 
atom to the empty  σ*c-o orbital of the other alkoxy substituent (Fig.10). There is a 
strong overlap between the n(O) and σ*c-o orbitals that optimizes the electron transfer 
and depends on the torsion angle θ (Fig.10). In case of the existence of one substituent 
at the anomeric center that is capable to donate lone pair electrons, as an alkoxy 
aglycon, the donation can proceed from the exocyclic oxygen to the anti-bonding orbital 
of the intracyclic C-O bond. This is known as the exo-anomeric effect, in which the 
lone-pair orbital is anti-periplanar to the antibonding orbital of the C-O bond.  This 
theory is able to predict also the observed modification of the bond lengths. In fact, in 
equatorial pyranosides, the intracyclic C-O bond is longer than the exocyclic one. Ab 
initio calculations have been performed to understand the basis of the effect, providing a 
stabilization of 4 kcal/mol28-32. Jiménez-Barbero et al. estimated33 experimentally 
(NMR) a value around 3.5 kcal/mol for the exo-anomeric effect in β-glycopyranosides, 
with a value of ca. 1.8 kcal/mol for its stereoelectronic component. 
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Fig.10. The MO theory is able to account for the existence of the anomeric effects. 
 
All these models are able to give a partial explanation about a phenomenon that still is 
not completely clear. In fact, there are several factors that play a key role in this 
equilibrium, including electronic, steric and solvation terms. The importance of 
understanding this process has increased also due to the emergence of research on 
glycomimetics, sugar analogues in which either the glycosidic or the ring  oxygens have 
been replaced by other atoms to generate stable mimics of pharmacological relevance34. 
For instance, different saccharides have been synthesised, where the glycosidic oxygen 
has been replaced by C, N, or S atoms to enhance the stability to enzymatic cleavage. 
Moreover, they have been employed as sugar models to study the conformational 
features of glycosides35-37 in their free and bound states. Different examples have been 
studied in our group33, 38-42, providing evidences of their conformational flexibility, of 
their ability to be recognized by different proteins and enzymes in unusual 
conformations, and as models to estimate the magnitude of steric and stereoelectronic 
effects in natural and mimetic glycosides. As particular example, some hints on the 
conformational features and interactions of S- and S-S-containing molecules (Fig. 11A-
B) are presented in the last part of this presentation.  
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Fig.11. A) The interaction of Gal-S-Gal with human galectin-1. B) The interaction of Gal-S-S-Gal with 
human galectin-1 (see below). 
 
 
A B 
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 Oligosaccharide conformations in solution: 
Nuclear Magnetic Resonance 
Several techniques have been applied to study the conformational properties of 
carbohydrates. The understanding of the global features of these biomolecules includes 
the comprehension of the three major descriptors: the conformation, defined as static 
structure in the three dimensional coordinates’ system; the flexibility, defined as the 
excursions in the conformational space and the dynamics, the behaviour in function of 
time43.  
NMR spectroscopy is essential to characterize the behaviour of saccharides in solution, 
both free and receptor bound, since many NMR-accesible parameters encode 
conformational, dynamic and structural information. For instance, chemical shifts, spin-
spin couplings, dipolar couplings, and, in general, all relaxation parameters. 
Regarding relaxation rates, as key factor to be related to dynamic behaviour, the 
relaxation theory tell us to induced a transition, the employed time-dependent magnetic 
field has to fluctuate at the Larmor frequency of a nuclear spin 1/2. Thus, the chaotic 
tumbling of the molecules, generated by the radio frequency pulse, has to occur at a 
suitable rate to induce the transition for the nuclear spin relaxation. The random 
motions, responsible of the chaotic tumbling can have distinct frequencies, depending 
by the collisions and associations43-45. All these motions are characterized by a 
correlation time (τc), defined as the average time taken from a molecule to rotate one 
radian44. Consequently, short correlation time correspond to rapid tumbling (ps 
timescale) and viceversa. 
 
The best to proceed is to define a spectral density function, J(ω), as the probability to 
find a component of the motions at a given frequency (Eq.1) 
    
Eq.1 
( )21
2
)(
c
cJ
ωτ
τ
ω
+
=  
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. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12. The spectral density function, J(ω),  and its correspondence with different motions. Frequency 
distribution of the fluctuating magnetic field
44
 
The most important mechanism of relaxation is the dipole-dipole. For spin ½ nuclei, it 
is due to the dipolar interactions between spins. A nuclear spin 1/2 possesses a north 
and south pole, and in relation to the orientations they can attract o repel themselves. 
Therefore, in solution, the relative orientations in space alter the local magnetic field 
experienced by one nucleus and its fluctuations depend by the tumbling rate of the 
molecules (Fig.12)43-45. The dipole-dipole relaxation is of extreme relevance, because it 
is the basis of the Nuclear Overhauser effect (NOE), the key element to understand 
molecular structures. 
The chemical shifts (δ) are affected by the environment, not only by the relative 
orientation between the nuclei but also by the chemical nature of the bonded atom, or 
the type of bonds.  
In carbohydrates, 1H nuclei are attached to a carbon atom, which is attached to a 
hydroxyl groups, thus sharing similar environments. Consequently, the δ values of 1H 
resonances in sugars are similar and are concentrated in a narrow region of the 
spectrum, generating a strong signal overlapping and leading to a difficult assignment of 
the resonances. The protons of the rings are usually in the region between 3.5 and 4.2 
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ppm, while the anomeric protons are found at lower fields, around 4.5-5.5 ppm, 
depending on the existence of α or β anomers43, 45, 46.  
The scalar coupling constants have key conformational information. For flexible 
entities, they are linear averages over the conformational ensemble. From the theory 
viewpoint, the spin-spin coupling occurs due to the transfer of information through 
bonding electrons. Other factor that influences the magnitude of the J-couplings is the 
gyromagnetic ratio γ. Indeed, the coupling constant between two nuclei, J(X-Y), is 
proportional to γX γY. Consequently, nuclei with small gyromagnetic ratios tend to have 
small coupling constant. One additional factor is the s character of the orbitals from the 
nuclei which form the bond44, 46.    
In conformational studies, the vicinal coupling constant 3J (Fig.13) provides short-range 
geometry information. For many years, it has been demonstrated that vicinal couplings 
can be correlated to the corresponding dihedral angles between the coupled atoms 
through Karplus-type equations (Eq.2):  
  
Eq.2 
( ) ( ) ( ) cbaJ ++= ϕϕϕ coscos23,1  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13. The dependence of vicinal coupling constants 
3
J and dihedral angles through Karplus-type 
equations 
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The observed cosine-square dependence reflects the existence of large coupling values 
when the orbitals are parallel (Ф = 0°-30°) or antiparallel (Ф = 150°-180°). In fact, these 
values correspond to a better overlap between the orbitals. In contrast, small couplings 
are found for values of Ф = 60°-120°, when orbitals are staggered or orthogonal, due to 
a weak overlap46. 
If the obtained values are applied to a six-membered ring, it is possible to understand 
the structural relevance of these parameters. In fact, the values of 3J provide key 
information on the orientation of the substituents in the ring, thus characterizing the 
axial or equatorial disposition and the conformation of the ring.  
However, as mentioned above, strong overlap of the signals in oligosaccharide spectra 
is frequently found and many of the key parameters are difficult to obtain from regular 
1D experiments. Thus, to overcome these problem, 2D experiments can help to attribute 
the signals to a specific nucleus and its connectivity, and also, in favourable cases, to 
measure the coupling constants. These 2D methods exploit spin-spin coupling to map 
specific through-bond interactions. They are dubbed 2D-homonuclear when the 
coupling is between two nuclei of the same chemical nature and 2D-heteronuclear when 
the coupling takes place between nuclei of distinct nature. The most used 2D-
homonuclear experiments are the 2D-COSY (Correlation Spectroscopy), which maps 
nuclei sharing a mutual scalar coupling within a molecule and the 2D-TOCSY (Total 
Correlation Spectroscopy), which provides efficient transfer of information along a 
network of coupled spins, permitting to elucidate the different spin-systems within the 
same molecule44, 46.  
This is the COSY sequence, which only needs two 90º non selective pulses: 
 
 
 
 
 
 
Fig.14A. The COSY pulse sequence. 
 
The TOCSY sequence is more complex and the second 90° pulse is replaced by a spin-
lock period, which permits the transfer of information between all the components of 
the same spin system:  
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Fig.14B.  The TOCSY pulse sequence. 
 
The spin-lock is composed by a series of closely spaced 90º and 180° pulses. Although 
intuitively difficult to explain, no chemical shift evolution occurs during the spin lock 
period. In fact, all the chemical shift differences in the rotating frame are moved away 
and only the spin-spin couplings remain active. Thus, strong coupling conditions are 
forced upon all the spin system components: all the protons are coupled and display the 
same chemical shift. The different protons lose their “unique” identity during the 
mixing time, and the information (“coherence”) can be shared over all the spins within 
the same spin system44, 46, 47. 
This method is extremely useful to study molecules composed by well-defined units as 
proteins, peptides, oligonucleotides, and oligosaccharides. Through TOCSY it is 
possible to recognize the different amino acid or sugar ring systems. Also, by modifying 
the mixing time value; for example, from 20 to 60 ms, it is possible to modulate the 
coupling transfer, to the contiguous spin or further apart. In the experimental work of 
this manuscript the TOCSY method was largely applied for the complete assignment of 
the synthetic oligosaccharides. 
Recent developments in multidimensional NMR had permitted the improvement of 
methods based on heteronuclear coupling. These methods provide evidence to support 
or reject proposed structures, as well as permit robust spin assignments, due to the 
greater dispersion of the X chemical shifts with respect to the proton scale. In fact, 
nowadays, the HSQC and/or HMQC sequences represent the most widely used NMR 
experiments in bio-organic chemistry and monitor directly coupled 1H-13C or 1H-15N 
spin pairs. The HMBC experiment relates 1H and 13C (or 15N) coupled atoms, but 
separated by two or three bonds48, 49. Recently, the access to 13C-enriched 
carbohydrates50  has allowed the use of  potent  2D  and  3D  NMR  experiments  for  
the  determination  of  long-range  1H-13C coupling  constants, such  as  HMQC-
NOESY51-53  and  HMQC-TOCSY 54.  With  highly  enriched oligosaccharides  and  
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polysaccharides,  it  also  possible  to  measure  long-range  C-C  coupling  constants, 
which provide additional information on the glycosidic torsion angles55-57. 
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1.2.1 The Nuclear Overhauser Effect 
The NOE is the key parameter to determine internuclear (proton-proton) distances and 
therefore, it contains key conformational information. It is based on the existence of 
dipole-dipole interactions between two moving nuclei, which must be close enough in 
the space.  
If we consider two spins, I and S, the intensity of I changes when the equilibrium state 
of the closest spin S is perturbed by a radio-frequency pulse. Then, the magnetization is 
transferred from one spin to the other one through space. This change is intensity is 
commonly known as the Nuclear Overhauser Effect (NOE) and it is governed by three 
possible transitions: the zero-, single- and double quantum transitions43-45, which 
describe the cross-relaxation pathway (Fig.15) and the variation of intensities, as 
defined by the Solomon equation given below: 
 
 
 
 
 
 
 
 
 
 
 
 
Figure.15. Diagram illustrating the population levels, intensity changes and transition probabilities in a 
two-spin ½ system, which gives rise to the NOE. 
 
Eq.3 
))(()2)(( 02
0
210
0
ISISZZISIISZz
z WWSSWWWII
dt
dI
−−−++−−=  
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SZ and IZ are the longitudinal components of the magnetization. S
0
Z and I
0
Z are these 
values at zero time. The zero- one and double quantum transitions depend on the 
tumbling rate (see the spectral density functions described above) of the molecule and 
determine if the variation of the intensity is negative or positive.    
The cross relaxation rate constant σIS is defined as the differences between the double 
and zero-quantum transition probabilities (W2IS-W0IS) and it is a measure of how fast the 
magnetization is transferred between the spins I and S. Finally, the dipolar longitudinal 
relaxation rate constant, ρIS, is defined by the term W0IS+2W1I+W2IS, and describes the 
part of the relaxation process that restore the equilibrium state of spin I. 
In this way, after saturating spin S, at the steady state: dIZ/dt=SZ=0, and the equation can 
be rewritten as: 
Eq.4 
IS
IS
Z
ZZ
S
II
ρ
σ
=
−
0
0 )(
 
 
and the enhancement of the intensity (η) of the signal of I after saturation of spin S can 
be determined by: 
Eq.5 
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the gyromagnetic ratios (γS / γI ) are important when the two spins are different. In the 
case of homonuclear NOE, the σIS and ρIS are related to the precession frequency (ω) 
and the correlation time (τC): 
Eq. 6 
( )
( )4422
4422
42310
45
cc
cc
τωτω
τωτωη
++
−+
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According to these equations, NOEs depend on the spatial proximity (for the transfer to 
be efficient), on the spectrometer frequency, and on the tumbling rate43-45. For small 
molecules, with fast tumbling in solution, relaxation is long, and the NOE signals are 
positive with a maximum enhancement of 50% (Figure 14). In contrast, large 
molecules, tumbling slowly in solution, provide NOE negative signals and the 
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enhancements can reach 100%. This change of sign can be explained looking at the 
possible transitions. In fact, for short τC the best possible transition is the double 
quantum transition W2, which corresponds to fast frequencies. According to Figure 13, 
when W2 dominates, the intensity of I increases, corresponding to a NOE positive 
signal. The opposite behaviour is found for large molecules with large τC. In this case, 
W0 dominates, the intensity of I decreases, corresponding to a NOE negative signal
43, 45. 
Also, for intermediate motions, the curve in Fig.16 (NOE curve) passes through zero, in 
a region in which the enhancement of NOE is negligible. Depending on the temperature 
and spectrometer frequency, this zero-crossing point is found at ~ 500 to 1500 Da, from 
tri- to penta-saccharides. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.16. The dependence of NOE (and ROE) with molecular motion and spectrometer frequency. 
 
It is possible try to avoid the zero-crossing point, by modifying the experimental 
conditions that can affect τC. Spectra at lower temperatures can be recorded, or taken 
after modifying the solution conditions (viscosity). Also, a different spectrometer 
frequency can be used. In fact, it has been described that ultra-high field spectrometers 
(800, 900 MHz, and beyond) permit to reach a better resolution, since the spin-spin 
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relaxation mechanism is affected. In fact, for molecules with fast τC, the constant rate 
1/T2 depends on B0, the static external magnetic field. Therefore, at high magnetic 
fields, T2 is more favourable leading to narrow signals (better resolution) and better 
enhancement in NOE signals58, as described in Fig.17. 
 
 
 
 
 
 
 
 
 
Fig.17. The dependence of T2 and resolution enhancement with molecular motion and spectrometer 
frequency
58
. 
In a real situation, the NOE (η) depends also on the proton-proton distances, 
approximately as: 
Eq.7 
6r
cτη =  
Thus, the NOE is inversely proportional to the inverse of the sixth power of the distance 
between the interacting nuclei. In this case, knowing the NOE value between two nuclei 
(A-B) and the distance between them, it is possible to calculate other distances 
corresponding to observed NOEs (C and D) in the same molecule through this simple 
equation (isolated spin pair approximation): 
Eq.8 
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This distance dependence reflects the necessity for dipolar interactions (short range) to 
give rise to NOEs.  In fact, at large distances the NOE effect is minimum, with an 
exponential decay in the NOE with increasing distances43, 45. Depending on the 
molecular motion and the spectrometer frequency, the maximum distance which can be 
monitored in oligosaccharides is ~ 4 Å, whereas for large molecules can reach 5-6 Å. 
A variety of NMR sequences can be explained to measure NOE effects, both 1D and 2D 
(Fig.18). Nowadays, the so called transient experiments are employed, instead of the 
saturation experiments that were commonly employed years ago (and in the Solomon 
equations). In this method (either 1D or 2D), the perturbation of the system is obtained 
by inverting the target resonance/s. Just one resonance is selected in the 1D version, or 
all the spins in the 2D-protocol. Thus, the inversion of the population differences across 
the corresponding transitions allows NOE development in absence of external 
interference. During the mixing time, the NOE grows up for a selected period of time 
and then, the changes in intensities are monitored by the employment of a read pulse 
and acquisition43, 45, 47. 
 
1D NOE: A single resonance is selectively inverted. Then, NOEs grow up during τm. 
                     
 
 
 
 
2D NOESY: All resonances are frequency labelled after the 90 degree pulse and inverted after the 
evolution period. Then, NOEs grow up during τm. 
 
 
 
 
 
 
 
 
 
τm 
τm 
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2D ROESY: NOEs in the rotating frame. All resonances are frequency labelled after the 90 degree 
pulse and “spin-locked” after the evolution period. Rotating frame NOEs grow up during τm.                               
 
 
 
 
 
 
Fig.18. Different experimental pulse sequences to measure NOEs. 
In all these cases, the key points are the calibration of the 90° pulse and the 
determination of the delays to obtain the best results. As mentioned above, one 
additional problem for oligosaccharides could be the zero crossing region around ωτC 
~1.1, were the observed NOEs are basically absent. If the experimental conditions of the 
sample cannot be modified or the access to a different spectrometer is not possible, 
there is one additional way to NOEs, through the use rotating-frame NOE spectroscopy 
(ROESY)43, 45. Under spin-conditions, they are able to experience dipolar relaxation, 
leading to ROE effects, which are always positive (Fig.16, ROE curve). A frequent 
problem is the occurrence of scalar-coupling-mediated cross peaks, due to TOCSY-like 
effect during the spin lock period. 
Another important physical property of the molecules is the diffusion coefficient that 
depends on their “effective” molecular weights, sizes, shapes, and solution conditions. 
The modern NMR diffusion experiments are based on the application of field gradients 
to encode the physical location of a molecule in solution and in this manner characterize 
its diffusion along the direction of the applied gradient field. The most generally used 
experiment is the Diffusional Order Spectroscopy (DOSY) that correlated the chemical 
shifts of a sample with its coefficient diffusion. It is represented as a 2D pseudo contour 
plot (as a typical 2D experiments) in which in one dimension there are the chemical 
shifts and in the other dimension the diffusion coefficient of the sample59. It has useful 
applications, and in this work, it was used to confirm the monomeric conditions of the 
samples under investigations, to be sure do not have aggregations as in case of  
Nodulation Factors that at higher concentration in water can aggregate cause their 
lipophilic properties. This methodology is applied also in the separation of mixtures of 
τm 
SPIN-LOCK 
 
* 
* * 
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small-components, estimation of association coefficients, formation of complex or 
mapping of interactions.     
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1.3 Oligosaccharide conformations. A Molecular Modelling 
perspective 
A major effort of molecular modelling consists in describing living system through the 
chemical and physical points of view. The field is really young, since the first molecular 
dynamics (MD) simulation of a protein was published in 1977 by McCammon et al60. 
This research made the revolution and finished with the general static view of 
biomolecules.  It is today well assumed that biomolecules are dynamic entities that 
display their functionality adopting several distinct conformations.  
MD may give details on different time-dependent properties of the system. In principle, 
different information may be extracted from MD: from the exploration of the 
conformational space to the refinement of a given the structure; from the 
characterization of equilibrium averages to the description of structural, motional and 
thermodynamic properties of the system, all in a time-dependent manner.  
For these purposes, empirical energy functions have been developed. They are 
mathematical equations constituted by simple terms that allow the description of 
physical interactions closely related to the structure and dynamic properties of 
biomolecules. The empirical “force fields” use atomistic models instead of electrons and 
nuclei to simplify the mathematical treatment and enhance the speed of calculations. 
 
The potential energy function permits to calculate the potential energy (V) as a function 
of the three-dimensional structure (R), and it’s divided in two main terms:  
Eq. 9 
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The internal term gathers all the parameters related to covalently-bonded atoms, while 
the external one represents the non-bonding interactions between atoms61.  
The parameters characterizing a three-dimensional structure are bond lengths (b), 
valence angles (θ), dihedral angles (χ), and distances (rij), as shown in the figure below: 
 
 
 
 
 
 
 
 
    
 
 
Fig.19. Schematic representation of a molecular fragment
61
 
 
The equilibrium values of the different parameters for different molecular fragments 
values are usually obtained from experimental data generated by X-ray crystallography 
or neutron diffraction, or even ab-initio calculations. Of course, the accuracy of any 
calculation will depend on the quality of the employed parameters. 
In any modern force-field, bond-stretching and angle-bending are treated as harmonical 
functions, which oscillate around an equilibrium value (b0, θ0). Kb and Kθ are the force 
constants associated with the bond and angle terms. 
When MDs are performed, in absence of bond-breaking or bond-making events, 
motions are strongly related to the stretching, bending and torsions of the connected 
atoms. The torsional term is treated as an oscillatory function. In fact, in addition to the 
force constant Kχ, it includes also a periodicity (n) and a phase (δ). The magnitude of Kχ 
is the height of the energy barrier to rotation, n indicates the number of cycles per 360° 
rotation, while δ is the location of the maxima in the dihedral energy surface, and it is 
used to be generally 0 or 180. Each torsion angle in a molecule is treated as a sum of 
dihedral terms that have different periodicity, constant forces and phase61.  
The external terms are of paramount importance to characterize biological systems. 
Also, there is a strong influence of the environment on the properties of 
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biomacromolecules. The key parameters of the external terms are the well dept εij 
between the atoms i and j, the minimum interaction radius, Rminij; and the partial atomic 
charge, q. 
The term in square brackets is associated to the van der Waals (VDW) interactions. In 
many cases, a Lennard-Jones potential (or 6-12 potential) is used to define these 
interactions (Fig.20). The 





r
1 12 represents the repulsion energy between atoms, very 
important at short-range distances. The attraction force energy is defined by the 





r
1 6 
term, is related to instantaneous dipole-induced dipole interactions (London’s dispersion 
forces) and works at longer distances. The negative sign denotes the favourable nature 
of this phenomenon61.  
The minimum interaction radius Rminij and the well depth, εij (Fig. 20) are related to the 
minimum of the curve.   They are not determined for every possible interaction pair, but 
calculated for the individual atom types and are combined to obtain the ij cross terms: 
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Fig.20. Variation of the van der Waals energy versus distance
62
 
 
The last term of the external contribution to the total potential energy is the electrostatic 
or Coulomb term. It define the distance-dependent interactions between the “partial” 
charges qi and qj related to atoms i and j.  
 
The non-bonded terms (VDW and electrostatic) are essential to describe the 
conformational behaviour of molecules and their interactions with the environment. 
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They strongly influence the calculation since there are many non-bonded contacts, many 
more than bond, angle and torsion interactions61. 
 
The non-bonded dispersion and repulsion terms decay rapidly with distance, and 
therefore the calculations can be restricted to the estimations between neighbouring 
nuclei. Generally, a cut-off is defined, around 8-10Å43, 45, 61. 
There are several force fields (FFs) for biomolecules63, 64. Some are well parametrized 
for proteins, peptides, carbohydrates, and small organic molecules, or combinations 
thereof. Some may include explicit solvent representations, or implicit solvent models, 
using a dielectric constant to simulate the medium65. Others may estimate free energies. 
It is important to select the proper set of parameters (FFs) related to the particular 
application, especially if the calculated results are to be compared with experimental 
data. From this perspective, it is also essential to define the required experimental 
information. In this Thesis, an example is presented in which the 3D-structure of a 
chitin mimic has been studied by comparing NMR data obtained in water with MD 
studies performed in explicit water using Glycam06 and in continuum model solvent, 
employing MM3*66-68. Only the first MD approach provided a good fit between the 
experimental and theoretical data.    
 
The optimization of non-bonding terms is usually performed by employing quantum 
mechanical calculations, since these provide information on the electron distribution 
around the molecule61. 
As mentioned above, there are different methods to simulate the environment and its 
interaction with the target. In this manuscript, we have mainly employed an explicit-
solvent representation. There several type of models to describe water molecules, from 
rigid water model for which only non-bonding interactions are taken in account, to 
relaxed models, which allow stretching of the bonds and bending of valence angles. 
This last method is computationally expensive (time). We have used the TIP3P rigid 
water model (Fig.21), which considers the three atoms of water, each atom with a point 
charge, and Lennard-Jones parameters applied on the oxygen atom43. Due to its 
simplicity and efficiency, this is the most widely used in MDs. 
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Fig. 21. Schematic structures of the distinct models for water molecules in MD
43
. 
 
When calculations with explicit solvent are performed, the solute is placed in a box 
under so-called “periodic boundary conditions” (Fig.22).   The solute and the solvent 
are arranged in a regular lattice structure, and a unit cell is generated, so that the atoms 
(and their associated properties) are replicated infinitely in three dimensions. In this 
way, it is possible to avoid edge effects. In fact, when a molecule goes out from one 
side of the box, it re-enters from the other side. This method permits to maintain a 
constant density and, depending on the protocol, also the internal pressure can be 
constant, so that a “NPT ensemble” is generated. As alternative, if the volume is kept 
constant, the internal pressure is fluctuating with temperature and a “NVT ensemble” is 
generated43, 61.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 22. Graphic schematic representation of the meaning of periodic boundary conditions (adapted by 
O. M. Becker, 2001). 
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In this representation, and to avoid artificially correlated motions, the particle in the 
central cell cannot see its image in the neighbour cells. Indeed, the distance rij is taken 
to be the minimum image distance; that is, the minimum distance between atom i and 
the closest image of atom j.        
In case of the electrostatic interactions the treatment is more complicated due to their 
slower decay with the distance. Different treatments have been developed, and the 
Particle Mesh Ewald (PME) is frequently employed.  It considers that the solute 
interacts not only with the nearest solvent neighbours in the simulation cell, but also 
with every image of the solvent neighbours in adjacent cells (red arrows in Fig.22). In 
contrast, the solvent particle does not interact with its own images43, 61.  
The shape of the box can be cubic, a truncated octahedron, or a rhombic dodecahedron: 
Usually, the truncated octahedron is employed, since it reduces the number of non-
bonded contacts to be computed (Fig.23). 
 
 
 
 
 
 
 
 
 
 
      a                                                                         b  
 
Fig.23. Approaches for solvated MD calculations: a) truncated octahedron box ; b) cubic box 
Several FFs has been developed and are in continuous development, extending their 
possibilities to a variety of molecules under different environments. The most widely 
used are AMBER (http://ambermd.org), GLYCAM, MM366-68, OPLS/AA69-71, GAFF72, 
GROMACS (http://www.gromacs.org), CHARMM (http://www.charmm.org), ..., etc.  
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1.3.1 Theory and Practical Aspects of MD: The AMBER Force Field 
 
As mentioned above, there are several types of motions in biomolecules, from fast and 
localized motions, due to atomic fluctuations, to large-scale motions, due to folding 
transitions. All are connected: no large-scale motions can occur without fast atomic 
fluctuations. This is important to be considered for deciding the time-step and length of 
a MD simulation. This scheme gathers timescales for possible motions: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1. Timescale of the possible molecular motions in biomolecules (adapted by Oren M. Becker, 2001) 
 
We will now briefly describe how MD works: 
Considering the trajectory from a point [r(0), p(0)] to [r(t), p(t)], the integration of 
system’s equation of motion give: 
Eq.10 
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An important concept that justifies the use of MD simulations to obtain thermodynamic 
averages is the ergodic hypothesis: for an infinitely long trajectory the thermodynamic 
and dynamic averages become equivalent to each other, if the system is in 
equilibrium61. 
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The thermodynamic and dynamic behaviour is evaluated solving the classical Newton’s 
equation of motion: 
Eq.11 
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Where F is the force acting on particle i, m is the mass, and a the acceleration, the 
second derivative of the position in respect of time. F is defined also as the gradient of 
the potential energy function  
Eq. 12 
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When the simulation starts, the new position is obtained using the infinite Taylor series: 
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where v is the velocity and a, the acceleration. 
For a practical use, the Verlet algorithm is applied, since introduces a truncation in the 
infinite series: 
Eq.14 
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Here, the position and velocity at t and at (t-∆t), from the previous step, are used to 
calculate the new position. These two equations can be written together: 
Eq.15 
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The Verlet algorithm is efficient and not too much time-consuming43, 61. Other methods, 
as the leap-frog and the Velocity Verlet have also been proposed (Fig. 24).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 24. Schematic representation of the distinct algorithms employed for MD: (a) The basic Verlet 
method, (b) The Leap-frog integration, (c) The Velocity Verlet algorithm. The blue cells are the initial 
points, the numbers represent their orders in the calculation, and the arrows indicate the data used in the 
calculation of the corresponding variable, at each step (adapted by O. M. Becker, 2001). 
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1.3.1a AMBER software package and MD protocols 
In the experimental works presented in this Thesis, AMBER9 and AMBER10 were 
used for all the MD simulations. The AMBER software package is an ensemble of 
programs73. They allow different type of calculations, including MDs, free energy 
calculations, QM/MM simulations, MDs with time-average restrains from experimental 
data,..., etc. Several FFs are implemented for the different biomolecules, Parm9974 and 
variations for proteins and nucleic acids75, Glycam06 for carbohydrates76, 77, and GAFF 
(general amber force field)72, for organic molecules. 
 
The following programs, presented in Fig.25, are used to prepare the input files, to 
perform the simulations, and to analyse the data: 
  
 
 
  
 
     
 
 
 
 
 
 
 
 
 
Fig. 25. Basic information flow in AMBER
73
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1.3.1b Preparation of the Input File: Initial Coordinates 
The initial structure can be a pdb (protein data bank) file, from an experimental NMR or 
X-ray structure. In absence of these data, several algorithms can be used to generate a 
good initial structure. In carbohydrates, for instance, since there are not many 
experimental structures available, Woods et al. devised a builder module to generate 
pdb and input files, in agreement with the AMBER code, available in: 
http://glycam.ccrc.uga.edu/ccrc/carbohydrates/cb_newbuilder.jsp. 
The FF for carbohydrates used in AMBER is Glycam. The Glycam FF has several 
versions77, (Glycam93, Glycam2000, the last version is Glycam06f), and follows the 
general approach of using single dihedral angle terms for each molecular-class-specific 
linkage, in analogy to that used for the peptide backbone dihedral angle. Every 
monosaccharide residue is defined by a separate set of internal coordinate and partial 
charges, calculated using high sampling density (CHELPG)78. The charges have been 
calculated by averaging those obtained for an ensemble of representative 
conformations79. 
Obviously, the partial charge is a fictitious definition, since they are not experimental 
observables, and they cannot be precisely assigned by quantum mechanical methods. 
One of biggest inconvenient to calculate charges in carbohydrates is due the presence of 
internal motions. The variation of torsion angle values drastically affects the charge 
density, through 1-4 long range interactions. In Glycam, the partial charges and the 
molecular electrostatic potential (MEP) have been calculated by using the HF/6-31G* 
level of theory, with the so called CHELPG protocol79. 
In general, the derivation of partial charges passes through the fitting of the quantum 
mechanical electrostatic potential (ESP). The advantage is that ESP is an observable, 
which can be obtained from a quantum mechanical wave function. In particular, the 
charges are obtained by optimizing the fit (χ2esp) between the classical Coulomb model 
V
)
 and the quantum mechanical electrostatic potential V evaluated at point i around the 
molecules: 
 
Eq.16  
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In this case, ESP depends on the number of points i used to calculate the molecular 
ESP. The CHELPG method gives the best results, for the fitting, and may reproduce the 
MEP.  
Sometimes, when the conformational properties depend on the balance of solvent-solute 
and solute-solute interactions, overestimation of charges can favour nonexistent inter- or 
intra-molecular interactions. To avoid this problem, a restrained fitting protocol is 
applied, named RESP (restrained electrostatic potential).  This method maintains a 
correct long-range behaviour, lowering the magnitude of the charges79. 
In case of Glycam, the representative conformations for the averaging and extraction of 
the charges were extracted from solvated MD.  Obviously, the conformational 
distribution of carbohydrates is solvent dependent7, 27, 65, 80, as for any polar molecule. 
Therefore, the use of gas phase should be avoided, due to the tendency of sugars to 
generate hydrogen bonding between the hydroxyl groups, which can be non real.     
In case of Glycam, it has been shown that it is not necessary to assign a charge for all 
the atom positions. In fact, in biomolecular fragments, the aliphatic hydrogen atoms 
have small charges, as expected for low bond polarity of C-H bond76. Therefore, in 
Glycam06 version, the RESP fitting81, 82 imposed restrains for setting to zero the net 
charges on those hydrogens attached to non polar atoms, as carbons.  
All these considerations are important, especially when the molecule under 
investigation does contain non standard residues and a file with internal coordinates is 
not present in the library. In fact, for non-standard molecules, the charges have to be 
first computed to generate the starting file for the MD simulation. The biggest effort is 
paid to obtain an ensemble of partial charges in agreement with the parameter sets of the 
FFs. On this basis, Dupradeau et al. have developed a program to automatically derive 
RESP or ESP charges, the RED database available from 200683 (http://q4md-
forcefieldtools.org/REDS/), which furnishes an input file ready to be used in AMBER.  
These calculations have been performed in this Thesis for the studies of the behaviour 
of Nod-factors and some glycomimetics: S- and S-S-digalactosides. 
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1.3.1c Protocol of MD Simulations 
After the preparation of the input file, series of energy minimizations are performed to 
refine the initial structure. The first minimization is carried out only on the solvent 
molecules, with a strong restrain to fix the solute (500 kcal mol-1 Å-2); the second one is 
on the entire system (solvent + solute). This refinement eliminates the local stress due to 
non-bonded overlaps and relaxes the bond lengths and angle distortions of the starting 
structure. 
The next step consists in the heating of the entire system with a weak positional restrain 
on the solute (10 kcal mol-1 Å-2). 
At the beginning, the velocities are assigned randomly. The temperature T of the system 
influences the velocity distribution and this relationship is expressed by the standard 
Maxwell’s velocity distribution: 
Eq.18 
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For this reason, the control of the temperature of the system is essential. We have 
employed the Langevin temperature equilibration thermostat. The major consequence of 
the random assignment of initial velocities is that the velocity correlation between 
neighbouring atoms is not the same, when it should be expected that all moved at the 
same velocities. Therefore, there is a possibility that high velocities are assigned to a 
localized cluster of atoms, generating areas that make unstable the MD simulation. For 
that reason, during this heating-phase, the assignment of the velocities is made at low 
temperatures, which are gradually increased up to the target temperature. 
The next step is the equilibration of the entire system to ensure the stability and the lack 
of erratic fluctuations. One of the key factors is the selection of the integration time 
step, which is correlated with the magnitude of the associated error for the employed 
algorithm. A small time step ensures a good quality of the integration, but at the same 
time more integration steps, are required for the same length of the simulation, thus 
increasing the computational time. The time step has to be selected to account for the 
fastest motion in the molecule. Therefore, for large molecules, ∆t is set to 0.5-2 fs. This 
is one of the reasons why MD simulations are limited to nanoseconds. 
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One important development was the introduction of SHAKE algorithm, which considers 
that the length of H-X (H-C) bonds, one of the fastest motions to be computed in 
biomolecules, is constant. In this way, the stretching motion is assumed to be constant. 
Then, the time step can be selected in function of the next fast motion, which is the X-X 
stretching, which displays a lower frequency. Then, the MD continues with the 
production step, the effective simulation of the system, which is further analysed61.  
The general protocol used in the computational part of this Thesis is presented below: 
 
 
 
 
 
 
 
 
 
 
 
 
The production step was performed at constant temperature and pressure (NPT 
canonical ensemble).  
The output file of a MD simulation is a series of “snapshots” from the entire trajectory, 
with an ensemble of coordinates and velocities recorded at equal intervals of time. The 
dynamic variables, as the total energy, specific bond lengths, torsion angles, hydrogen 
bond distances,... etc, can be analyzed as a function of time. 
The analyses of the properties of the system (temperature and density or thermodynamic 
variables, as total energy, kinetic energy as potential energy) show the goodness of the 
evolution of the simulation. Stable values indicate absence of artefacts or strong 
changes in the system equilibrium. 
In conformational studies of carbohydrates, the glycosidic linkages (Φ and Ψ) are 
plotted as a function of the simulation time to check the flexibility. They are also plotted 
as Φ versus Ψ (Ramachandran-type plot) to establish the presence of more than one 
conformation. Average torsion angle values and average inter-proton distance values 
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can be computed and compared with experimental data, in particular J-couplings and 
NOE-type parameters.  
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CHAPTER 2  
 
MOLECULAR RECOGNITION  
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2.1 Protein-Carbohydrate Interactions  
Glycoproteins and glycolipids mediate different intra- and extra-cellular physiological 
and pathological processes, as receptors in cell–cell and cell–matrix interactions. They 
are also necessary for leucocyte extravasation during inflammation and lymphocyte 
recirculation
1, 2
. Many  pathogens, including microbes, viruses,  bacteria,  and  toxins,  
have  evolved  to  bind  cell  surface  carbohydrates, a binding that is a prerequisite for 
the infections (Fig. 26). 
  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 26. Key interactions mediated by protein-carbohydrate recognition events
1
 
 
The chemical and structural features of carbohydrates are one of the key factors to 
understand how this recognition processes work. From the biological perspective, one 
of the most important characteristics of protein–carbohydrate interactions is the low 
affinity of binding (usually in the millimolar range) when the entities are isolated
3-5
. 
This property is the reason of their broad functionality and, from the chemical 
viewpoint, is the result of enthalpy–entropy compensations. 
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Carbohydrates are able to establish interactions with the binding site of a given receptor 
in numerous ways. Obviously, the presence of a high density of hydroxyl groups may 
lead to the generation of a net of hydrogen bonds with polar aminoacid residues at the 
binding site of the protein
1
. The hydroxyl group can act as donor and acceptor, and its 
intrinsic flexibility helps it to find the proper directionality and to enhance the 
effectiveness of the interaction
3-5
. One hydroxyl group can interact with one or more 
amino acids (Fig. 27) or may establish water-mediated hydrogen bonds. Usually, these 
sugar’s hydroxyl groups are involved or organized in bi-dentate and cooperative 
hydrogen bonding, conferring specificity to the interaction.   
One additional feature is the amphiphilic character of many mono- and oligo-
saccharides. Indeed, depending on its chemical nature, they may display non-polar 
surfaces able to interact with complementary hydrophobic amino acid residues (Tyr, 
Phe, Trp). In fact, in our laboratory, CH-π stacking interactions of saccharides with 
aromatic residues have been extensively investigated
6-8
.  
NMR and X-ray methodologies have shown that, depending on the conformation of the 
carbohydrates, an arrangement of C-H groups with axial orientation on one face of the 
sugar can interact with the surface of a properly positioned aromatic residue. The 
strength of this interaction is relatively weak, since a unique CH-π interaction may 
worth less than 1 kcal/mol
8
. However, the simultaneous interaction between several CH 
groups with one aromatic system enhances the strength of the interaction. Clearly, the 
orientation of the aromatic side-chain may be determinant for the specificity of the 
binding. For example, it may avoid the binding of incorrect epimers. 
 
  
 
.  
 
 
 
 
Fig.27. Schematic view of possible protein-sugar hydrogen bond interactions
1
 
In carbohydrates, other non-polar groups are also present that can generate van der 
Waals interactions. For instance, the methyl moiety of acetamido groups in N-acetyl 
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amidosugars may establish CH-pi interactions with tyrosine residues, as reported in the 
results section of this Thesis for the interaction studies of the chitin mimic with lectins
9, 
10
. 
Other sugars, as glycosaminoglycans, or analogues, contain negatively charged residues 
as carboxylate, sulphate or phosphate groups and can establish strong electrostatic 
interactions.  Other contributions to binding may arise from water-mediated hydrogen 
bonds bridging the protein and the sugar entities, as well as the cooperative coordination 
with a metal ion (Ca
2+
)
3, 4, 11, 12
.    
The interaction process also depends on the location of the binding site, which may 
exist at the surface of the protein, as frequently found in lectins, or in a deep pocket of 
the receptor, as frequently encountered in enzymes and antibodies. Obviously, the size 
of the binding pocket determines the number of contiguous sugar units of a given 
oligosaccharide that can be involved.  
In absence of detailed structural data, the dissection of the factors that mediate protein-
sugar interactions has been elucidated by different means, including chemical mapping 
studies. In this strategy, “ad-hoc” chemical modifications are introduced on selected 
positions of the sugar target and the distinct binding properties of the target and the 
modified compound are analyzed and compared, permitting to delineate the epitope of 
the carbohydrate and, in some cases, the nature of the interaction which is involved at 
the particular site.  
Fortunately, advances in X-ray, several NMR and molecular modelling methodologies 
have permitted directly observed or predict the binding epitope of one or both the sugar 
or the protein involved in the recognition process
13
, as will be shown in the next 
sections. 
Also, water molecules play an important role in the molecular recognition process. 
There has been a large debate on this topic and, indeed, Lemieux and co-workers
14
 
suggested that the reorganization of water molecules upon binding provides the driving 
force for the carbohydrate complex formation.  Clearly, the protein and the carbohydrate 
are not isolated in solution, but fully solvated. In the receptor, the binding pocket is 
occupied by water molecules that stabilize the orientation of the protein residues, later 
involved in the recognition process, through a network of interactions. When the 
positions of these waters and aminoacids before and after complex formation with the 
sugar are compared, some of these water molecules in the free state, seem to occupy the 
positions of the hydroxyl groups of the sugar in the complex. Thus, in this way, no 
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displacements of aminoacid side chains are necessary. Also, those water molecules that 
are directly involved in the interactions between the protein and the sugar display 
restricted motions, compared to other water entities in bulk solution and, therefore they 
may not be able to adopt the suitable orientation to form hydrogen bonding with other 
vicinal waters molecules. When the complex is about to be formed, the water molecules 
solvating the polar surface of the protein binding pocket have to be displaced to leave 
the space for the sugar to enter. In the same way, those water molecules solvating the 
polar surface of the carbohydrate are released into the bulk solution. All these processes 
display key enthalpy and entropy requirements 
1, 3-5
 (Fig. 28). 
 
 
 
Fig.28. Solvation-desolvation processes in sugar-protein interactions
1
 
It is evident that the reorganization of the solvent implicates many molecules, a 
multivalency process which leads to a strong contribution to the thermodynamics of the 
system. In fact, according to Lemieux, the release of the geometry restrains on the 
receptor-bound water molecules may provide a key enthalpy driving force to the 
binding process
14
. 
Although lectins usually bind the global minimum energy conformation of a saccharide, 
examples on the binding of local minima or high energy structures have been reported
15, 
16
. The existence of conformational selection processes in flexible entities has also been 
documented
15, 16
. 
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2.1.1 Thermodynamics of Protein-Carbohydrate Interactions. 
It is possible to describe the recognition process in terms of the Gibbs free energy for 
the binding (∆G°): 
Eq.19 
∆G°= ∆H° - T ∆S°= RT ln Ka 
 
The interaction process is, in fact, a series of events, which lead to the increase or 
decrease of the enthalpy and entropy of the system. The positive changes in enthalpy 
arise from the generation of protein-sugar contacts and from the formation of the new 
favourable water-water hydrogen bonds. The negative changes arise from breaking 
protein-water and sugar-water interactions. Besides, the entropy of the system is 
favoured by the return to the bulk of the ordered water molecules along the nonpolar 
regions of the protein and the sugar, while a decrease is expected from the less-ordered 
perturbed water molecules surrounding the polar surfaces. The entropy also decreases 
due to the restriction in the translation and overall rotation, as well as due to the intrinsic 
losses of degrees of freedom of both entities when they form the complex
3, 4, 17-19
.  
Also, even if the binding site does not significantly modify its conformation upon ligand 
binding, any change in the flexibility and internal mobility of the protein can influence 
the thermodynamics.  
The recognition process seems to be enthalpically driven in most protein-carbohydrate 
interaction systems, as deduced from isothermal titration calorimetry (ITC) studies, 
which can directly determine the heat involved in the association process and, therefore, 
the binding enthalpy and entropy. Imberty and co-workers reported
11
 an example in 
which the recognition displays slightly favourable entropy. The Pseudomona 
Aeruginosa bacterial lectin (PA IIL) presents two calcium ions in the binding pocket. In 
the native structure, three molecules of water are tightly bound to these ions and only 
during the complex formation the ligand is able to remove them, providing an entropy 
gain. 
Generally speaking, the affinity of a given oligomer increases when several units bind 
to extended sites in the protein. In these cases, the entropy cost is smaller, since the 
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saccharide loses a large degree of freedom with the binding of the first unit, and the 
entropy lost with the second unit and further moieties is strongly reduced, being the 
enthalpy favourable. 
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2.2 Lectins: A General Perspective 
Lectins are found in most organisms, ranging from viruses and bacteria to plants and 
animals. They are readily obtainable in purified form, mostly by affinity 
chromatography on the immobilized ligand, and more recently also by recombinant 
DNA techniques
20
. They represent a heterogeneous group of oligomeric proteins that 
vary widely in size, structure, molecular organization, as well as in the constitution of 
their combining sites
3, 5
. Nonetheless, many of them belong to distinct protein families 
with similar sequences and structural features. In fact, sequence similarity with known 
lectins provides a novel guideline for the detection and identification of new ones. In 
1954, W.C. Boyd introduced for the first time the term “lectin” (coming from latin, 
meaning to pick, choose or select) to refer to proteins able to interact “with a certain 
antigen only”
21
. It is used to identify carbohydrate-specific proteins, differing from 
antibodies, with no enzymatic activity on the ligand. Thus, although lectins were first 
described at the turn to 20
th
 century, their study started to gain momentum only in the 
1960s
3, 5, 20, 22, 23
. They have been then shown to be invaluable tools for the structural 
and functional investigation of complex carbohydrates, especially glycoproteins, and for 
the examination of changes that occur on cell surfaces during physiological and 
pathological processes, from cell differentiation to cancer
1-3, 5, 19, 20, 22, 23
. At present 
moment, they are the focus of intense attention because of the realization that they act as 
recognition determinants in diverse biological processes
1-3, 19, 22, 23
. These include 
clearance of glycoproteins from the circulatory system, control of their intracellular 
traffic, adhesion of infectious agents to host cells, recruitment of leukocytes to 
inflammatory sites, as well as cell interactions in the immune system, in malignancy and 
metastasis. Investigation of lectins and their role in cell recognition, as well as the 
application of these proteins for the study of carbohydrates in solution and on cell 
surfaces, are making marked contributions to the advancement of glycobiology
24
. The 
present great interest in the elucidation of the function of endogenous lectins is 
correlated with a deeper knowledge of many diseases and their associated pathogenesis.  
During the past fifteen years, there has been remarkable progress in elucidating the 
features of lectins that are important for carbohydrate binding. This was made possible 
by the refinement of old techniques and development of new ones. In particular, high 
resolution X-ray crystallography (and NMR, in less extent) of lectins in complex with 
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their ligands have allowed the identification of the chemical groups on the protein and 
on the carbohydrate that interacts with each other and of the types of bond formed. 
Further information on the contribution of individual amino acids to the activity of a 
lectin has been obtained by site-directed mutagenesis experiments and also by 
molecular modeling
3, 20, 22
. Of special interest are the studies of lectin-oligosaccharide 
complexes, since they provide a basis for the understanding of how lectins recognize 
their natural ligands. 
Lectins are ubiquitous, they can show really different sizes and folds, differ in the 
ligand’s specificity, with their affinities arising from the molecular architecture of the 
binding site. Moreover, many lectins work in a multivalent fashion and are able to 
cross-link glycoconjugates.  
They can be constituted by different subunits. The carbohydrate’s binding sites of 
lectins show several common principles, which drive the carbohydrate recognition 
events. They have been mentioned above: the net of hydrogen bonds between the 
hydroxyl groups of the carbohydrates and the amino acids of the binding site, 
interactions with divalent cations, van der Waals and stacking interactions
3, 11, 13, 20, 22, 25
. 
The stereochemistry and the orientation of the carbohydrates are determinant to regulate 
the process. In fact, the affinity for galactose units is usually correlated with the 
existence of strong hydrogen bonds to the axial O-4 hydroxyl group
2, 10, 13, 17, 20, 22
. Also, 
the stacking interactions with aromatic residues in the binding pocket contribute to the 
stabilization, as in case of fucose binding, in which the methyl group is often 
surrounded by two or three aromatic amino acids, and generates a strong hydrophobic 
cluster
20
.  
Several classifications have been proposed to distinguish between the different types of 
lectins. One of the proposed current classifications is in function of their biological 
origins and folds (see Table 2 below). Lectins often occur in oligomeric forms, and 
therefore are rarely suitable for NMR structural studies, due to their large sizes, as will 
be described below. 
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Table 2. Lectin structures available in the 3D-lectin database, classified by their biological origin and 
fold (the number of carbohydrate complexes is given within parentheses).
20
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2.2.1 Plant Lectins: General Perspective 
Lectins in plants are well documented. More than half of known lectins came from plant 
kingdom, in particular from legume family, Araceae, Cucurbitaceae and Liliaceae. 
Lectins are principally accumulated in seeds and in other organs that serve for storage 
purpose. They show several functionalities, from the plant defence from pathogenic 
attacks, to cell wall extension, mitogenic stimulation, transport of carbohydrates, 
mobilization of storage material, and as starting points of  the symbiosis processes in 
Leguminous plants (Table 3)
3, 5
. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3. Plant lectins: origin, families, specificities and general features
5
. 
 
 57
The leading position is held by concanavalin A, the ”classical” Man/Glc-binding lectin 
from Jack beans. Its properties explain why this lectin has attained its status as a 
reliable and popular workhorse, especially for carbohydrate chemists looking for a 
lectin to use in an attempt to prove the ligand properties of a sugar compound attached 
to a new synthetic scaffold. There are other lectins capable of following the role model 
of concanavalin A, although they are less prominently used in research
26-31
.  
Lectins frequently display mitogenic activity. The fact that plant lectins can affect 
lymphocyte activity and proliferation has led to suggestions that they could be 
introduced as immunomodulatory therapeutic agents in clinical applications. The 
example of the galactoside-specific mistletoe lectin (VAA, formerly ML-1), a 
constituent of proprietary extracts used in Austria, Germany, and Switzerland, shows 
that immune functions such as secretion of proinflammatory cytokines or priming of 
granulocytes/ activity of NK cells can indeed be stimulated at nontoxic doses of lectin 
(VAA concentration needed to elicit in vivo effects: 1±2 ng kg
-1
 body weight, given 
subcutaneously)
32, 33
. However, this immuno-modulatory capacity is unlikely to have a 
clinical perspective, because it is becoming evident that these immune factors can also 
trigger growth responses in malignant cells
34-38
. It is difficult to produce a succinct 
compendium of lectin functions in situ. In principle, each lectin might have distinct 
functions at the site of expression and through interplay with binding partners in the cell 
and the extracellular environment.  
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2.2.2 Animal and Human Lectins: General Perspective 
The first mammalian lectin was isolated in 1973, showing that carbohydrate-binding 
proteins were present also in higher animals. In the last decades, several types of lectins 
have been recognized with distinct structural properties corresponding to different 
functionalities. The classification has divided lectins into two main groups. The first is 
composed by the intracellular lectins (calnexin family, M-type, L-type and P-type), 
situated in compartments of secretory pathways, and function in the trafficking, sorting 
and targeting of maturing glycoproteins. Then, there are the extracellular lectins (C-
type, R-type, siglecs and galectins), which are produced in the extracellular matrix and 
body fluids, and can be anchored to the plasma membrane, mediating a wide range of 
process as cell adhesion, cell signalling and pathogenic recognition. Several other 
lectins have been recently discovered with complementary roles to those mentioned as 
F-box lectins, ficolins, chitinase-like lectins, F-type lectins and intelectins (Table 4).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4. Functions of animal lectins
5
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All these lectins bind distinct glycan determinants, providing a general mechanism of 
recognition and communication
39-41
, and offer enormous potential for applied research 
in chemical biology.  
For example, endocytic receptors of the C-type lectin family, with their fixed geometry 
of binding sites, are ideal as targets for synthetically tailored drug carriers. These 
receptors render uptake into cells such as hepatocytes feasible
42-48
. 
Antiviral drugs can thus be delivered to hepatocytes, for example, by using triantennary 
N-glycans, with GalNAc at the terminal position, as a post code. Fixed topological 
presentation of binding sites is also a prerequisite for blocking access to bacterial/viral 
lectins, a new concept for interfering with the adhesion step of infections and the 
binding of AB5-toxins
49-51
. The five-fold symmetry of the presentation of the binding 
sites in these toxins provides the potential for extremely tight binding by a suitably 
designed pentavalent ligand. Glycodendrimers have indeed been shown to impair 
binding of galectins both in solid-phase assays with selectivity for the glycoprote in 
ligand and type of galectin, and in cell-binding studies
52-57
.  
The structure of the ligand and the spatial mode of its presentation modulate binding in 
markedly different ways for the individual lectins of a given family. The detection of 
these differences lends credit to the assumption that intra-family diversification is 
accompanied by quantitative alterations of the ligand profile. Systematic chemical 
mapping with ligand derivatives and screening of arrays/libraries to discover potent 
ligand mimetics are likely eventually to allow molecules to be devised that fit hand-in-
glove into a particular galectin (or any other lectin of clinical interest)
17, 58-63
. 
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 2.3 NMR and Molecular Recognition  
NMR techniques provide the possibility to study interaction events directly in solution, 
close to the physiological medium. Since the binding process strongly modifies the 
physicochemical properties of both partners, especially rotational and diffusion motion 
timescales, there are several NMR parameters that are influenced by the interaction 
process, as chemical shift, relaxation time and NOEs, diffusion constants …etc.  
By using NMR, there are two different and complementary approaches to monitor the 
molecular recognition event, ligand-based and receptor-based, respectively. 
The binding of small ligands to large receptor proteins follows a bimolecular 
association reaction
64
 with second-order kinetics: 
 
Scheme 2  
 
 
 
kon is the association rate and koff is the dissociation rate (measured as s
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) and the 
dissociation constant (KD) can be written: 
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kon can extensively vary in a range from 10
4
-10
11
, being larger if the complexation 
process needs conformational rearrangements of either ligand or receptor.  
The binding process is, in fact, a dynamic chemical exchange between free and bound 
states. Different situations are possible, depending on koff. The exchange may be fast in 
the chemical-shift time scale, koff » ω, or display an intermediate value, koff ~ ω, and also, 
the exchange can be rather slow, koff « ω. ∆ω= 2π∆ν, is the chemical shift difference 
between the free and bound states, measured in Hz.    
The molar fractions of free and bound ligand and receptor are defined by: 
 
Scheme 4 
[P] + [L]   [PL] 
kon 
koff 
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where fLB and fPB are the bound protein and ligand fractions, while L0 and P0 are the 
total ligand and protein concentrations. [PL] is defined by: 
 
Eq.20 
( ) )][][2][][(
4
1
][][
2
1
][ 000000 PLLPKLPKPL DD −++−++=  
 
derived from Scheme 3. 
When the ligand is free in solution, its behaviour is the typical of a small molecule, with 
fast rotational motions, in the ps timescale. Then, the relaxation time is long (several s). 
When the ligand interacts with the protein, its behaviour is now similar to that of a large 
molecule, with slow tumbling rates (ns, even close to µs). Now, the relaxation is fast 
(ms). This fact translates into the broadening of the NMR signals and the change in the 
sign of NOEs.  
A complete discussion of how chemical exchange modifies the NMR parameters 
(dynamic NMR) should include a description of the modified Bloch equation formalism 
of Hahn, Maxwell, and McConnell
65, 66
. This formalism (HMM) provides an excellent 
theoretical framework to describe the majority of the exchange phenomena that occur in 
NMR screening experiments, under all exchange regimes. Such a treatment is beyond 
the scope of the present Thesis but can be found in a recent review
67
. For most 
applications described here, it is sufficient to consider only the case of fast exchange. 
0][
][
L
PLfLB =
0][
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P
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2.3.1 Fast Exchange Approximation 
The solutions to the HMM equations
65, 66
 describe the behavior of system magnetization 
on arbitrary exchange time scales. In NMR-based screening, however, these equations 
are almost never solved, and fast exchange is simply assumed. This assumption is made 
for two reasons. First, the experimental conditions for ligand-based NMR screening are 
often well suited to fast exchange. These experiments are typically carried out with 
LT/ET > 10 (where LT and LT are total ligand and total receptor concentration, 
respectively) and the binding compounds have KD ≥ 100µM. If kon is well approximated 
by a diffusion-limited value (10
7
-10
9
 M
-1
 s
-1
), then the slowest exchange rate kex values 
lies in the range 1000 < kex < 100 000 s
-1
. Ligand-based NMR screening methods are 
primarily 
1
H-based and consequently, kex exceeds most differences in intrinsic 
1
H 
relaxation rates and rotating frame precession frequencies, thus ensuring that the fast 
exchange assumption is valid. A second motivation for assuming fast exchange is the 
resulting algebraic simplicity. Generally, the NMR parameters Q become the simple 
averages.  
 
Eq.21  
FFBBavg QPQPQ +=  
 
Here, Qavg is the observed exchange-averaged parameter for the ligand (or receptor) in 
the presence of the receptor (or ligand). Observed differences between Qavg and QF 
provide a signature of receptor binding and indicate a hit in a NMR-based screening on 
that parameter. In the case of Eq.21, Qavg is a simple population-weighted average and it 
applies to those parameters Q, for which chemical shift modulations are not relevant. 
These parameters include longitudinal auto-relaxation and cross-relaxation rates, 
rotating-frame spin-locking auto-relaxation and cross-relaxation rates, and translational 
diffusion coefficients. The bound state contribution in Eq.21 is PBQB. The ability to 
detect binding with adequate sensitivity depends critically on PBQB, being significant 
relative to PFQF. However, typical screening conditions where LT » ET make PB « PF. 
For this reason, it is much preferred to measure NMR parameters Q that become 
amplified in the bound state (i.e. QB » QF). 
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2.3.2 Ligand-Based versus Receptor-Based Screening 
Screening may proceed by ligand- or receptor-based methods. Receptor-based methods 
observe and compare the NMR parameters of the receptor molecule resonances in the 
presence and absence of compound mixtures. Thus far, the receptor-based methods have 
focused mostly on proteins. Such methods incorporate site-specific characterization 
afforded by assigned protein NMR spectra along with a priori knowledge of the 
protein’s three-dimensional structure (either from X-ray or NMR, also modeling 
procedures) to drive lead generation. By identifying perturbations of assigned protein 
resonances, not only are ligands identified, but also their binding sites are localized. 
Localization of binding sites also enables one to immediately distinguish specific from 
nonspecific binding. Finally, unlike ligand-based methods, receptor-based methods do 
not rely on fast exchange to retrieve bound state information. Observation of receptor 
resonances permits the characterization of both higher and lower affinity hits.  
NMR methods demand physicochemical properties of the protein target that present 
progressively more difficult challenges. First, milligram quantities of soluble, non-
aggregated protein must be over-expressed and purified. Then, suitable expression hosts 
must be found that permit isotope enrichment (e.g. 
13
C, 
15
N, 
2
H) critical for the 
resonance assignment of typically large (>30000 Da) therapeutic targets. After 
sufficient quantities of labeled protein are available, it must be ensured that the sample 
is stable for the time required for sequential resonance assignment. Although new data 
acquisition approaches promise to accelerate resonance assignment, it can still be a 
relatively lengthy process (weeks) for the large monomeric proteins (>30000 Da) 
routinely encountered in pharmaceutical research. Unfortunately, the time required for 
NMR assignment of such targets inevitably favors other approaches, such as X-ray 
crystallography, that can provide high-resolution structural information to medicinal 
chemistry on a faster time scale (if crystals are available). Alternatively, the typical 
implementation of ligand-based methods compares the NMR parameters of a mixture of 
compounds in the presence and absence of the receptor molecules. This approach 
renders the molecular weight of the receptor molecule irrelevant. In fact, the most 
powerful ligand-based approaches become more sensitive when dealing with larger 
receptors. Additionally, ligand observation bypasses the need to produce milligram 
quantities of isotope labeled receptor. Depending on the approach, less than a milligram 
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of unlabeled protein is required for these experiments (receptor concentration is often 
≤1µM, and no assignments are necessary). This allows the scientist to evaluate new 
targets more rapidly and to contribute on a time scale useful for chemistry and high-
throughput screens. An obvious disadvantage of ligand-based approaches is the inability 
to localize the binding site of the small molecule hits on the receptor. Also, ligand-based 
approaches rely on the exchange-mediated transfer of bound state information to the 
free state. This requirement biases ligand-based methods towards the identification of 
weakly binding ligands (rapid exchange) and the use of large ligand molar excesses 
(LT/ET»1). The consequent risk is that, under these conditions, ligand may start to 
occupy, weaker affinity, nonspecific binding sites.  
Both receptor- and ligand-based approaches have distinct advantages and disadvantages. 
Clearly, if receptor-based methods are possible, then the potentially higher information 
content that cab be obtained makes these the methods of choice. However, due to the 
scarcity of low-molecular weight drug targets, ligand-based screening is, in general, of 
broader applicability and places less demands on other research disciplines and 
infrastructure. The main research summarized in this Thesis refers to ligand-based NMR 
methods and in particular to tr-NOE and STD techniques. Next sections will explain, in 
detail, these methodologies.  
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2.3.2a Ligand-Based NMR Methods 
Ligand-based methods rely on the possibility to differentiate between free and bound 
states from the NMR point of view. Generally, ligand-based screening methods use 
molecules with masses < 1 kDa. These compounds exhibit slow relaxation rates R1=1/T1 
and R2=1/T2, 2D-NOESY cross-peaks that have opposite sign of diagonal peaks, and 
large translational diffusion coefficients, D. In contrast, bound compounds share the 
NMR properties of the much larger receptor (mass > 30000 Da). Therefore, bound 
compounds have fast R2 (and fast selective R1), 2D-NOESY cross-peaks of the same 
sign of diagonal peaks, and highly efficient spin diffusion, along with smaller molecular 
diffusion coefficients D.  
These distinct differences imply that changes in NMR spectral parameters of the ligand 
can be monitored as a way to assess target binding. Most ligand-based NMR 
experiments detect binding by one of two mechanisms: (1) exploiting the differential 
mobility of the ligand in the free versus bound state, and (2) exploiting a 
1
H 
magnetization transfer process from the receptor. There are also other methods based on 
changes in the diffusion coefficient (DOSY) between free and bound states and in the 
change in orientation of the molecule when passing to the binding site (RDC 
measurements), but they will not be explained here. 
 
Transferred NOE 
It is well established that NOE effects (NOEs) are extremely useful in determining the 
3D structure of molecules in solution
68
. When ligand molecules bind to receptor 
proteins, the NOEs undergo drastic changes, leading to the observation of transferred 
NOEs (trNOEs). These changes are the basis for a variety of experimental schemes that 
are designed to detect and characterize binding activity. The observation of trNOEs 
relies on the existence of rather different tumbling times, τc, for the free and bound 
molecules. Low- or medium-molecular-weight molecules (MW <1 kDa) have a short 
correlation time τc and, as a consequence, such molecules exhibit positive NOEs. Large 
molecules, however, exhibit strongly negative NOEs. When a small molecule (ligand) is 
bound to a large-molecular weight protein (the protein receptor molecule), it behaves as 
a part of the large molecule and adopts the corresponding NOE behavior, that is, it 
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shows strong negative NOEs, so-called trNOEs. These trNOEs reflect the bound 
conformation of the ligand. Binding of a ligand to a receptor protein can thus easily be 
distinguished by looking at the sign and size of the observed NOEs (Fig. 29).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 29. Left. Schematic representation of a NOESY spectrum for a free sugar. Cross peaks and diagonal 
peaks have different signs. Right. Schematic representation of a TR-NOESY spectrum recorded for an 
exchanging ligand–protein system. Cross peaks and diagonal peaks have the same signs, as expected for 
a large molecule, thus indicating binding to the protein. The relative sizes of the peaks and the 
appearance of new ones may be used to detect conformational variations. 
69
 
 
Furthermore, the discrimination between trNOEs originating from the bound state and 
NOEs of the ligand in solution can also be achieved by the build-up rate, that is, the 
time required to achieve maximum intensity, which for trNOEs is in the range of 50 to 
100 ms, whereas for small, non-binding, molecules it is four- to ten-times longer. 
Therefore, the maximum enhancement for trNOEs is observed at significantly shorter 
mixing times τm than for isolated small molecules in solution. Various experimental 
implementations have been explored in the last two decades, ranging from 1D selective 
steady-state experiments to 1D and 2D transient NOE experiments
68, 70
. 
However, one of the major drawbacks of this experiment is the possible existence of 
spin diffusion effects, which are typical for large molecules. In this case, apart from 
direct enhancements between protons close in space, other spins (including those of the 
receptor) may mediate the exchange of magnetization, thus producing negative cross 
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peaks between protons far apart in the macromolecule. Thus, protein-mediated, indirect 
trNOE effects may lead to interpretation errors in the analysis of the ligand bound 
conformation. However, using trNOEs in the rotating frame (TR-ROESY) 
experiments
71, 72
, it is possible to distinguish which cross peaks are dominated by an 
indirect effect, usually mediated by a protein proton, and hence distinguishing direct 
from indirect enhancements. 
From a more rigorous point of view, the dipole-dipole cross relaxation rate constants in 
the laboratory frame (σNOE) and in the rotating frame (σROE) under fast exchange, 
become the population-weighted averages of the free and the bound states: 
 
Eq. 22-23 
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In terms of spectral density functions, they have the form: 
Eq. 24-25 
( ) ( ){ }
( ) ( ){ }Hijij
ij
HROE
ij
ijHij
ij
HNOE
ij
JJ
r
JJ
r
ω
γ
σ
ω
γ
σ
302
1
4
026
1
4
6
42
6
42
+=
−=
h
h
 
 
where i and j are the two proton pairs. 
The change in the sign of the cross-peaks when passing from the free to the bound-state 
can be deduced from the equations above. In the free state, the molecule is characterized 
by small τc, satisfying ωHτc « 1, Jij(2ωH)≈Jij(0), and σF
NOE 
≈+5 Jij(0). In the bound state, 
large τc characterize the system, satisfying ωHτc » 1, Jij(2ωH)≈0, and σB
NOE 
≈ - Jij(0). By 
contrast, σROE does not flip in sign.  The estimated range of binding affinities that can be 
probed by transferred σNOE is 100nM ≤ KD ≤ 1mM 
73
. 
In conclusion, the trNOE method allows fast screening of possible binders respect to a 
specific target receptor and, at the same time, permits the knowledge of the recognized 
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conformation of the ligand bound to the receptor, what has considerable implication for 
a rational structure-based drug design. 
 
 
Saturation Transfer Difference 
Saturation-transfer NMR spectroscopy has been used for a long time in the 
characterization of binding between ligands and receptors
74
. More recently, Bernd 
Meyer and Thomas Peters have developed a method based on the transfer of saturation 
from the protein to the bound ligands, which in turn, by exchange, is moved into 
solution, where it is detected
75
. By utilizing difference spectroscopy, homonuclear 
methods, especially proton NMR experiments can easily be used to obtain well-resolved 
spectra of the ligand. By substracting one spectrum in which the protein resonances are 
saturated from a second one, without protein saturation, a difference spectrum is 
produced in which only the signals of the ligand(s) that have felt the transfer of 
saturation from the protein do appear (Fig.30). 
 
 
 
Fig.30. Schematic representation of the STD process
13
 
 
 
 
Fig. 31. Graphical representation of STD sequence
64
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The irradiation frequency is set at a position where only resonances from the protein 
nuclei and no resonances from the ligand nuclei are located. Therefore, in the on-
resonance experiment, selective saturation of the signals of the protein nuclei is 
achieved. For the on-resonance irradiation, frequency values around -1 ppm are 
practical because no ligand nuclei resonances are found in this spectral region, whereas 
the significant line width of protein signals still allows selective saturation. If the 
ligands show no resonance signals in the aromatic proton spectral region, the saturation 
frequency may also be placed there (7 ppm) or even further downfield (δ=11–12 ppm). 
In order to achieve the desired selectivity and to avoid side-band irradiation, shaped 
pulses are employed for the saturation of the protein signals
64
.  
The degree of ligand saturation naturally depends on the residence time of the ligand in 
the protein-binding pocket. The dissociation of the ligand will then transfer this 
saturation into solution, where the free ligand again gives rise to resonance signals with 
narrow line widths. For those ligand protons that interact with protein protons through 
an intermolecular NOE, a decrease in intensity is observed. However, in the presence of 
other molecules such as impurities and other non-binding components it is not usually 
possible to identify such attenuated signals. Therefore, in a second experiment, the 
irradiation frequency is set at a value that is far from any signal, ligand or protein, for 
example, 40 ppm (off-resonance spectrum). The spectrum is recorded and yields a 
normal NMR spectrum of the mixture. Subtraction of the on-resonance from the off-
resonance spectra leads to a difference spectrum, in which only the signals of the 
protons that were attenuated by saturation transfer are visible. All molecules without 
binding activity are cancelled out.  
Saturation of the protein and the bound ligand is very fast (about 100 ms). Therefore, a 
fast off rate of the ligand transfers the information about saturation quickly into 
solution. If a large excess of the ligand is present, one binding site can be used to 
saturate many ligand molecules in a few seconds. Ligands in solution loose their 
information by normal T1/T2 relaxation, which is in the order of one second for small 
molecules. Thus, the proportion of saturated ligands in solution increases during the 
saturation time, and so the information about the bound state resulting from the 
saturated protein is amplified, which means that only a relatively small amount of 
protein is required. On the other hand, if binding is very tight, and consequentially off 
rates are in the range of 0.1–0.01 Hz, the saturation transfer to ligand molecules is not 
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very efficient. This is usually the case for KD values less than 1 nM. If the KD values are 
100 nM, or larger, fast exchange of free and bound ligands leads to a very efficient build 
up of saturation of the ligand molecules in solution.  
The observed intensities of the signals arising from the ligand in the STD NMR 
spectrum are not directly proportional to the binding strength. STD NMR effects depend 
largely on the off rate. As outlined above, larger off rates should result in larger STD 
signals. However, when binding becomes very weak the probability of the ligand being 
in the receptor site becomes very low, which results in weak STD signals. STD NMR 
spectroscopy can be used from tight binding up to a KD of about 10 mM. 
The intensity of the STD signals depends, among other things, on the irradiation 
time/saturation time and on the excess of ligand molecules used
76
. The more ligand that 
is used and the longer the irradiation time, the stronger the STD signal is. In general, the 
irradiation time is 2s and a 100-fold excess of ligand is used to give good results. Upon 
dissociation, the saturation of the ligand is transported into solution, where it 
accumulates as a result of the slow decline of the saturation by relaxation processes in 
solution. Before ligands in solution have lost their saturation, the process of association 
(followed by dissociation) can occur many times and thus put many more saturated 
ligands into solution. The maximum net effect of saturation on ligand protons occurs if 
a large excess of ligand is used, because it is very unlikely that a ligand with saturation 
re-enters the binding site. From the high ligand:protein ratios it is clear that the amount 
of protein required for the measurements is very small. At 500 MHz, an amount of 
approximately 0.3 nmol of protein is sufficient to record STD spectra. At a molecular 
weight of 50 kDa, this translates into about 15µg of protein. All these techniques have 
been largely used in this Thesis. 
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2.3.2b The Receptor’s Perspective 
The HSQC experiment is a powerful tool for binding studies because of the sensitivity 
of coupled nuclei to changes in the environment. The 
1
H-
15
N HSQC detects changes in 
the backbone amide bonds upon addition of ligand, whereas the 
1
H-
13
C HSQC detects 
changes in aliphatic and aromatic chemical shifts of the side chains. Monitoring the 
chemical shift changes as a function of ligand concentration can be performed to 
accurately measure the affinity constant between the ligand and the target. The 
magnitude of the protein's chemical shift change will differ depending on how the small 
molecule interacts with the protein
64
. For example, hydrogen bonding will have a 
different effect on the chemical shift than covalent attachment.  
Knowledge of the protein's resonance assignments reveals the residues involved in 
binding. In this case, most studies employ the 
1
H-
15
N HSQC because backbone 
resonances are more easily obtained. In addition to detecting tight binding, this method 
can detect interactions that are as least as weak as millimolar binding KDs because 
observation of the protein target does not rely on tight binding to acquire bound-state 
information. To confirm that a ligand is binding in a single conformation, the 
concentration of the ligand should be titrated until saturation is reached.  
Upon the addition of ligand, the signals of those amides whose environments are 
perturbed by ligand binding change position. Specific binding of a small molecule and 
protein target can take place using two modes. A lock and key interaction of the ligand 
to the protein has little or no effect on residues that are not directly involved. 
Consequently, only those involved experience a different environment and resonate at a 
different frequency. Some have reported that as few as eight out of 107 resonances 
change upon compound binding. Induced fit binding leads to a conformational change, 
often resulting in a global change of the protein as a whole, where the majority of the 
resonances are altered. In this case, a series of experiments that compare chemical shift 
changes induced by a series of closely related ligands may be used to identify the 
binding site. After mapping the changes in chemical shifts from the titration of a first 
ligand, a second, structurally related ligand differing by a functional group is added to 
the protein target. Most of the perturbations will parallel the changes of first ligand 
except for the resonances at the binding site. This occurs because of the proximity of the 
protein's binding site to the substituted functional group on the ligand and because the 
 72
magnitude of the chemical shift change depends on the ligand moiety involved with 
binding. 
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2.4 Molecular Modelling Techniques to study Molecular Recognition 
process 
Due to the flexibility issue, the computation of the solution conformation of an 
oligosaccharide is extremely challenging. However, in this case, it is the binding of the 
carbohydrate to a lectin or antibody that is under examination. In these cases the sugar, 
at least in the vicinity of the binding region, may exist in a stable conformation. Thus, 
provided that a reliable model for the protein is available, bound carbohydrate 
conformations and their interactions may be derived through the application of docking 
and/or MD strategies. Modelling carbohydrate-protein complexes offer the possibility 
of comparing computed and experimental conformations and of determining the precise 
interactions that enhance binding. Unfortunately, theoretical quantification of the 
energies of these interactions is still difficult, again necessitating an accurately 
parameterized force field and explicit consideration of solvent effects through MD 
protocols. 
Now, a brief overview of some theoretical and practical aspects of the use of the 
AMBER force field for performing MD studies, which basically follow the protocol 
mentioned above.  
The initial structure is taken, usually, from the pdb, which gathers the X-ray or NMR-
based coordinates of a variety of proteins. Sometimes, the pdb file is not complete and, 
therefore, some additional computations are required to complete and refine the protein 
structure before any type of calculations can be performed. For instance, X-leap in 
AMBER software package, or Maestro, in the Macromodel suite
77
, can be employed. 
Also, for the ligands, there is an initial step which requires the preparation of the initial 
coordinates. 
Apart of MD, docking approaches are widely used to explore binding modes and predict 
the 3D structures of complexes. Generally speaking, they are divided in two broad 
classes: matching methods and docking simulation methods. 
The first one creates a model of the binding pocket and try to dock a potential ligand, 
treated as a rigid body, within the geometry of the binding site.  
The second one allows ligand to randomly start outside the protein, and to explore 
translations, orientations, and conformations until an ideal binding site is found.  
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These techniques permit to maintain the flexibility of the ligand and employ more 
sophisticated molecular mechanics protocols to calculate the energy of the ligand at the 
binding  site
78-80
.  
Within this Thesis, two programs have been used to perform docking studies: 
AUTODOCK (version 4.2) http://autodock.scripps.edu/ and GLIDE (Schrödinger 
software packages)
81, 82
.  
 
2.4.1 AUTODOCK and the Lamarkian Genetic Algorithm. 
Distinct methods can be applied in Autodock
83-86
 to look for the best binding poses: 
-genetic algorithm 
-local search  
-adaptive global-local search based on Lamarckian genetics algorithm (LGA). 
In addition, an empirical free-energy force field is used to evaluate the conformational 
energy of the docked ligands
87
. The genetic algorithm procedure is taken from the 
language of genetic and biological evolution. It is possible to define the ligand’s state 
variables as the ensemble of translation, orientation and conformations of the ligand 
respect to the protein. Each ligand state variable is considered a gene, the ligand’s state 
is the genotype, and its atomic coordinates are the phenotype, Random pairs of 
individuals are coupled using a crossover process where the new individuals are 
inherited genes from either parent even if some random mutations are possible in the 
offspring. Some of the offspring, the better suited with the environment, of any 
generation will be selected whereas the others die. 
The implemented force field evaluates the binding process in two steps: in the first one, 
the ligand is in the free state and the intramolecular energy terms are calculated for the 
transition between the unbound to the bound states. The second step consists in the 
evaluation of the intermolecular energy term, combining the ligand and protein in their 
bound conformations. 
In traditional force fields (see Introduction), the interaction energy of a complex, as 
described above, is calculated in terms of dispersion and repulsion forces, hydrogen 
bonding, electrostatic and deviations of the ideal bond and angle values.  However, in 
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this case, ranking of the binding free energies of the compounds are created through an 
empirical relationship that adds the entropic terms to the previous ones: 
 
Eq.26 
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The first four terms are the typical ones for mechanical force fields (see above). Then, 
∆Gtor describes the restriction of internal rotors and global rotation, while ∆Gsol defines 
the desolvation effect upon binding, and the hydrophobic effect. That is, the entropic 
changes at the solute/solvent interface.  
In the AUTODOCK grid-based method, the atomic affinity potentials for each atom at 
the ligand is calculated before any energy evaluation. The AutoGrid program builds a 
grid in a three-dimensional space and a probe atom is placed at each grid point. The 
protein is situated inside the grid-box, (Fig.32) either the entire protein or just a portion 
to enhance the speed of the calculation) and then, the interaction energy of this single 
atom with the protein is evaluated. In this manner, an affinity grid and a grid of 
electrostatic potential for each type of atom of the ligand (usually carbon, oxygen, 
nitrogen and hydrogen) is built up.    
 
 
 
 
 
 
 
 
 
 
Fig.32. Representation of a typical Grid box in Autodock( created by Nurisso A.) 
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The energy term and the electrostatic interaction of a particular ligand conformation are 
evaluated by interpolating the affinity and the electrostatic potential values of the grid 
points surrounding every atom in the substrate.  In this way, the time necessary for the 
energy calculation just depends on the number of atoms in the ligand. 
The protein is considered to be static, while the substrate is able to walk around it. A 
small random displacement corresponds to a translation of its centre of gravity. After 
every displacement, a new conformation is generated, its energy is evaluated, and the 
resultant energy is compared to that of the previous step. If the energy value is lower, 
the new geometry is accepted. If it is higher, the conformation can be accepted or 
rejected, depending on the probability, according to a Boltzmann distribution at a given 
temperature: 
Eq.27 
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A series of cycles containing several steps are calculated and, after a specified number 
of acceptances and rejections, a new cycle begins with a variation of temperature, 
defined by the equation: 
Eq.28 
Iii gTT −=  
 
where T is lower than the previous one, Ti is the temperature at the cycle I, and g is a 
constant between 0 and 1. 
Thus, the steps to perform a complete docking calculation are: 
1) Coordinate File Preparation. 
2) AutoGrid Calculation. 
3) Docking using AutoDock. 
4) Analysis using AutoDockTools. 
Finally, the simulation is analyzed, and a cluster analysis is performed for the different 
docked conformations. A histogram is created containing the different clusters, with the 
corresponding RMSD values. The program generates a pdb file for every docked 
conformation. This pdb can be used for additional and more sophisticated MD 
AMBER-based simulations. 
 
 77
2.4.2 Glide and the Hierarchical Algorithm  
Glide is an alternative to AUTODOCK, which may perform a complete systematic 
search of the movements (conformations, orientations and positions) of a docked ligand. 
This program uses a series of hierarchical filters to identify the possible conformations 
of the ligand in the binding-site of the receptor
81, 82
. 
 
  
 
 
 
 
 
 
 
 
 
Scheme 5. Glide docking “funnel”, showing the docking hierarchy 
 
First, the shape and properties of the receptor are represented on a grid by different sets 
of fields, that are used later to score the possible position and orientation of a ligand 
(ligand pose).  The second step consists in generating a set of initial conformations, 
selected by evaluating the torsion energy of the various minima, using a truncated 
version of the OPLS-AA force field. For each conformation, an initial screening of the 
possible ligand poses is performed at the binding site. The best refined poses are then 
minimized (OPLS-AA) on the pre-calculated van der Waals and electrostatic grids for 
the receptor. The three to six lowest energy poses obtained in this step are further 
minimized by a Monte Carlo procedure.  The last step catalogues the minimized poses 
and predicts their binding affinities by using a scoring function. In case of Glide, the 
scoring function is the following: 
Eq. 29 
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3.1. Chitin Interactions with Protein Receptors. Mimicking 
chitin 
3.1 1. Introduction 
Some lectins from plant origin, dubbed hevein domains, bind reversibly to chitin, a key 
structural component of fungi cell wall and invertebrate exoskeletons.
 
Many of the 
hevein domains have been associated with antimicrobial and plant defense functions. 
The hevein domain, found in Hevea brasiliensis latex, shows a common structural motif 
of 30-43 residues rich in glycine and cysteine residues in highly conserved positions and 
organized around a four-disulfide core
1
 (Fig. 33). 
 
 
 
 
 
 
 
 
 
 
Fig. 33. Schematic view of the superimposition of the backbone of several NMR-based 3D structures of 
hevein, as deposited in the pdb, with code 1T0W. 
 
These proteins are able to bind to chitin, a β-(1→4)-linked N-acetylglucosamine 
(GlcNAc) polysaccharide and to different glycoligands. Chitin oligosaccharides (CO) 
and chitosan oligosaccharides (CSOs) are important molecules that take part in several 
biological events (Fig. 34). They are part of the exoskeleton of different insects and 
fungi, and also can act as chemical signals in plant-induced resistance and are essential 
part of lipochitoligosaccarides. 
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Fig.34. Schematic structure of chitin and chitosan oligosaccharides 
The induced activity of CO and CSOs is determined by their molecular weights and the 
degree of acylation/acetylation. In addition, the sugar residues may hold substituents 
that can influence the biological activity of these molecules
2
.  
From the chemical perspective, there are several key amino acid residues involved in 
the recognition of chito-oligosaccharides by hevein. The aromatic residues placed in the 
relative positions Trp 21, Trp 23 and Tyr 30 stabilize the complexes by CH-pi 
interactions, and van der Waals contacts. Additionally, the hydroxyl groups of the 
preserved residues Ser and Tyr (19 and 30 in hevein) are involved in hydrogen bonding 
with the acetamide carbonyl group and the hydroxyl group at position 3 of a key 
GlcNAc residue
1
 (Fig. 35). Moreover, the molecular recognition process of hevein by 
chitooligosaccharides displays interesting dynamic features. Indeed, when passing from 
chitobiose to chitotriose, it has been demonstrated that hevein domains recognize the 
chitin trimer in two different manners (Fig. 35) 
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Fig.35. Representation of the two possible binding modes of (GlcNAc)3 to hevein domains. Either the 
non-reducing end (left) or the central GlcNAc unit (right) can interact with Ser19 (grey), Trp23, and 
Tyr30 (dark)
1
. 
 
There is a first binding mode in which the terminal GlcNAc residue is placed at the so-
called subsite +1, interacting with Trp 23 (CH-pi stacking), with Ser 19 (hydrogen bond) 
and with Tyr 30 (CH3-pi stacking and hydrogen bond). The intermediate residue is 
located at subsite +2 interacting with Trp 21 (CH-pi stacking), while the reducing 
GlcNAc residue provides very few contacts with the lectin, at subsite +3. In the second 
orientation, the reducing residue is placed at subsite +2, interacting with Trp 21, the 
middle residue is placed at subsite +1 interacting with  Trp 23 (CH-pi stacking), Ser 19 
(hydrogen bond) and with Tyr 30 (CH3-pi stacking and hydrogen bond), while the 
terminal end displays some contacts with the lectin at the so-called subsite -1
3
. 
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Fig.36. Graphical explanation of the binding interactions between chitin and hevein domains, in the 
NMR-derived model of the hevein–chitin complex. The experimental chemical shift perturbations (∆δ 
values) in the sugar upon interaction with the lectin are represented for some of the sugar protons
3
.  
 
The hevein domain is present in several lectins, as in hevein itself and in its natural 
variant, pseudohevein, in wheat-germ agglutinin (WGA), in the Urtica dioica agglutinin 
(UDA), and in Ac-AMP anitimicrobial peptides. This chiting binding motif can also be 
found in the enzymes with antifungal activity, as the class I chitinases
4-9
. 
Its biological significance could be related to the catalytic properties of these enzymes. 
Recently, the possibility that certain lectins can display catalytic activity has been 
reported by Bewley et al.
10
. One of the two oligomannose binding sites of MVL 
(Microcystis viridis lectins), one antiviral cyanobacterial lectin, can catalyze the 
cleavage of chitin fragments to GlcNAc, as first demonstration of a dual catalitic 
activity and carbohydrate recognition ability at the same carbohydrate-binding site for a 
lectin.  
Although relative success have been achieved in the investigation of plant-defense 
mechanism against pathogens, the knowledge about the mechanism of how COs 
molecular signals are perceived by cells is still not complete.  
Therefore, the possibility to mimic nature by using synthetic molecules can help into a 
deeper understanding of these mechanisms, especially when it is difficult to obtain 
suitable natural products to study these processes. Thus, the employment of synthetic 
analogues of natural oligosaccharides with different backbone linkages is justified. 
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Chemical synthesis can be used to produce pure CO with defined structures, which are 
may be appropriated for different studies. 
In this Thesis, we have studied the conformational properties and performed the binding 
study of a synthetic β-1,3-N-acetyl-glucosamine pentasaccharide by using NMR and 
molecular modelling. The pentasaccharide was synthesized at the University Pierre et 
Marie Curie, Paris by the group of Yong Ming Université Pierre & Marie Curie-Paris 6, 
Institut Parisien de Chimie Moléculaire (UMR 7201). 
As model lectin for the binding studies, we chose the hevein domains of wheat germ 
agglutinin (WGA), the first well-characterized member of chitin binding class of lectins 
from gramineae family. The medical interest of this domain (as for hevein) is due to its 
relationship with allergy problems, especially latex allergy
11, 12
 and the so-called fruit-
latex syndrome
13-15
. WGA exists in three variants (isolectin A,B and D), all consisting 
of two identical 171-residues polypeptides that associate to form 36 kDa dimers. Each 
polypeptide is composed by four repetitive hevein-type domains of 42-43 residues 
folded similarly and stabilized by four disufide bridges located in identical relative 
positions (Fig.37). The four domains of WGA have similar 3D structures to hevein, 
reflecting the sequence homology.    
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.37. The primary sequence of different hevein domains (including WGA-B) and representation of the 
3D X-ray structure of WGA, as deposited in the pdb, with code 1K7U. 
 
 
The WGA is able to bind chito-oligosaccharides with millimolar affinity
16-18
, and the 
association process is enthalpically driven, whereas the entropy opposes binding. The 
binding pockets are situated in different units in the dimer (Fig.38) and, although it has 
been reported that the dimerization was important for a correct fold, and consequently 
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for formation of the saccharides binding pockets, NMR and X-ray studies have put in 
evidence that the recognition process can occur with a single domain
1, 3, 16, 17, 19-27
.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.38. Representation of the X-ray structure of WGA associated with the chitin disaccharide as 
deposited in the pdb, with code 1K7U. 
 
Thus, as objective of this part, we aimed at the knowledge of the conformation and 
dynamic features of a synthetic chitin pentasaccharide analogue, with unnatural β(1→3) 
linkages and to demonstrate the possibility that, despite the different chemical nature of 
its glycosidic linkages, could still mimic binding ability of chitin versus hevein 
receptors and chitin-degrading enzymes. This research has been published in Chemistry. 
A European Journal, as shown below. 
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N-Acetylchitooligosaccharides are involved in a variety of
biological events. Apart from being part of the exoskeleton
of different insects and fungi, they can also act as chemical
signals in plant-induced resistance and are essential parts of
the lipopolysaccharides, which behave as nodulation fac-
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paramount importance to further evaluate these key pro-
cesses, from understanding the recognition process, to ex-
ploring the mechanisms and finding molecules with en-
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Abstract: Mimicking Nature by using
synthetic molecules that resemble natu-
ral products may open avenues to key
knowledge that is difficult to access by
using substances from natural sources.
In this context, a novel N-acetylchito-
oligosaccharide analogue, b-1,3-N-acet-
amido-gluco-pentasaccharide, has been
designed and synthesized by using ami-
noglucose as the starting material. A
phthalic group has been employed as
the protecting group of the amine
moiety, whereas a thioalkyl was used as
the leaving group on the reducing end.
The conformational properties of this
new molecule have been explored and
compared to those of the its chito ana-
logue, with the b-1,3 linkages, by a
combined NMR spectroscopic/molecu-
lar modeling approach. Furthermore,
the study of its molecular recognition
properties towards two proteins, a
lectin (wheat germ agglutinin) and one
enzyme (a chitinase) have also been
performed by using NMR spectroscopy
and docking protocols. There are
subtle differences in the conformation-
al behavior of the mimetic versus the
natural chitooligosaccharide, whereas
this mimetic is still recognized by these
two proteins and can act as a moderate
inhibitor of chitin hydrolysis.
Keywords: conformation analysis ·
glycomimetics · molecular recogni-
tion · NMR spectroscopy · synthetic
methods
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N-Acetylchitooligosaccharides and chitooligosaccharides,
composed of 2-deoxy-2-acetamido-d-glucopyranosyl resi-
dues and 2-deoxy-2-amido-d-glucopyranosyl residues, re-
spectively, are important structural parts of glycans, glyco-
peptides, and glycoproteins. Chitin oligosaccharides and
their derivatives play an important role as signal molecules
in plant and animal processes, and they are involved in de-
velopmental and defense-related signaling pathways.[3] After
binding with members of the GhCTL group (a new group of
chitinase-like proteins), chitin oligosaccharides are also es-
sential for cellulose synthesis in primary and secondary cell
walls.[4]
Although the defense mechanism against pathogens has
become increasingly apparent, little is known about the
mechanisms of the COs molec-
ular signals perceived by cells
and about the molecular struc-
tures of COs responsible for in-
duced resistance; even very
little is known about the molec-
ular basis of the signal trans-
duction pathways underlying
oligosaccharide recognition pro-
cesses. Even more, it is hard to
understand the determinant specificity of oligosaccharide
recognition processes.[5]
The induced activity of COs and CSOs is determined by
both the molecular weight and the degree of acylation/ace-
tylation, and the molecular weight is directly influenced by
the degree of polymerization (DP).[6] Besides, the main
backbone of COs, sugar residues, and the different substitu-
ents could all influence the plant-induced resistance of COs.
Mimicking nature by using synthetic molecules that re-
semble natural products may open avenues to key knowl-
edge that is difficult to access by using substances from nat-
ural sources. In particular, the oligosaccharides obtained
from natural sources are not suitable for studies on the
mechanism of induced resistance due to their complicated
compositions, varied molecular weight, and the difficulty in
isolating a pure component from natural products. Chemical
synthesis could be used to obtain pure oligosaccharides with
explicit structures, which are appropriate for the induced-re-
sistance study. To know wheth-
er the b-1,4 linkage is essential
in keeping the biological prop-
erties of these molecules, it is
important to synthesize a series
of chitin oligosaccharide ana-
logues possessing a different
backbone linkage (for example,
a b-1,3 linkage), to explore the
plant-induced resistance elicited by these chitin oligosac-
charide derivatives.
In our previous work, we have synthesized two chitin oli-
gosaccharide analogues, b-1,3-N-acetyl-glucosamine disac-
charide and b-1,3-N-acetyl-glucosamine trisaccharide.[7]
Herein, we report the first synthesis of b-1,3-N-acetyl-glu-
cosamine pentasaccharide to be used as a tool for initial in-
teraction studies as a ligand or inhibitor for lectins and en-
zymes involved in the recognition and metabolism of chito-
ACHTUNGTRENNUNGoligosacharides. The knowledge derived from this study
would be of importance for further investigation of the func-
tion of COs signals in plants and in defense mechanisms.
Results
Synthesis : A key building block in the synthesis of pentasac-
charide 1 was methyl (4,6-O-benzylidene-2-deoxy-2-phthal-
ACHTUNGTRENNUNGimido-b-d-glucopyranosyl)-(1!3)-(4,6-O-benzylidene-2-de-
oxy-2-phthalimido-b-d-glucopyranosyl)-(1!3)-4,6-O-benzyl-
idene-2-deoxy-2-phthalimido-b-d-glucopyranoside (2), which
could be readily prepared from the known trisaccharide 3[7]
by deacetylation with a Mg ACHTUNGTRENNUNG(OMe)2 solution, as shown in
Scheme 1.
Compound 2 was obtained after stirring for 48 h in dry di-
chloromethane at room temperature. The trisaccharide 2
has a free hydroxyl group at C-3’’, plus a methyl group at C-
1, which can then be used as an acceptor in the next glycosy-
lation reaction.
For the synthesis of the pentasaccharide 1, a 2+3 block-
synthesis strategy was used. Treatment of the known com-
pound 4[8] with BF3·Et2O/HgO gave a hemiacetal 5, which
was used directly for the next step without further character-
ization. Reaction of 5 with Cl3CCN/1,8-diazabicyclo-
ACHTUNGTRENNUNG[5.4.0]undec-7-ene (DBU) gave the trichloroacetimidate 6 in
40% yield (for two steps), as shown in Scheme 2. The
1H NMR spectrum showed that the imidate was formed es-
sentially in the b form (J1,2=8.8 Hz).
Condensation of 6 with the previously described 7,[9] in
the presence of trimethylsilyl triflate (TMSOTf) and di-
chloromethane, gave b ACHTUNGTRENNUNG(1!3)-linked disaccharide 8 in 79%
yield (Scheme 3). Its stereochemistry was determined to be
the desired b form on the basis of the H-1’,H-2’ coupling
constant (J1,2=8.0 Hz).
Scheme 1. Synthesis of the trisaccharide acceptor 2.
Scheme 2. Synthesis of the donor 6.
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The glycosylation of the trisaccharide 2 with donor 8 was
achieved in the presence of N-iodosuccinimide (NIS)-tri-
fluoromethanesulfonic acid (TfOH) in dry dichloromethane
(with 4  ground molecular sieves) for 4 h at 30 8C, pro-
viding the desired pentasaccharide 9 in 90% yield
(Scheme 4).
The stereochemistry of the newly introduced linkage was
determined to be b, on the basis of the GlcN H-1,H-2 cou-
pling constant (J1,2=8.4 Hz).
Deprotection of the benzylidene groups of 9 was first per-
formed by the classical hydrogenolysis method. Surprisingly,
the desired compound could not be isolated from the reac-
tion mixture after testing a variety of reaction times, sol-
vents, and amounts of catalyst. An alternative method was
then used. Treatment of pentasaccharide 9 with p-toluene-
sulfonic acid (PTSA) in THF and methanol for 24 h at 55 8C
gave a mixture of two compounds 10-1 and 10-2 in 87%
yield and in a 3:1 ratio (Scheme 5).
After separation, the MS analysis revealed that 10-1 is the
desired 4,6-O-debenzylidenation product, whereas 10-2 is a
derivative of 3e-deacetylated 10-1. These two compounds
were both used for the next reaction without further charac-
terization. Treatment of 10-1 and 10-2 with hydrazine hy-
drate and water in boiling ethanol, followed by acetylation
with acetic anhydride and NaHCO3 in water and methanol
was performed. Purification of
the product was performed by
chromatography on Sephadex
G25 (H2O), to provide the de-
sired b-1!3-N-acetyl-glucos-
ACHTUNGTRENNUNGamine pentasaccharide (1) in
48% yield (for two steps), as
shown in Scheme 5.
NMR spectroscopic data and assignment : All the details of
the NMR experiments are given in the material and meth-
ods sections. The combination of selective 1D-TOCSY, se-
lective 1D-NOESY, 2D-NOESY, 2D-TOCSY (in D2O and
H2O/D2O), and 2D-HSQC experiments
[10] permitted assign-
ment of all the resonances of
the pentasaccharide 1 (see the
Supporting Information). As
frequently found in carbohy-
drates, severe overlap within
the ring proton region was
found. Fortunately, there was a
distinction between the signals
arising from the different resi-
dues within the amide region, which was evaluated by run-
ning experiments in H2O.
As an example, sections of the TOCSY and HSQC spec-
tra recorded at 800 MHz and 298 K are presented in
Figure 1. The behavior of the amide protons with tempera-
ture is also given. Second-order effects were found in the
anomeric protons even at 800 MHz, as depicted in the Sup-
porting Information. However, the recording of the spectra
at different temperatures permitted us to evaluate the cou-
plings and to assign most of the signals. In any case, the
analysis of the coupling constants and the NOE patterns al-
lowed us to establish that the pyranoid rings adopt the ex-
pected 4C1 chair conformations.
The chemical shifts are given in
Table 1.
To properly evaluate the
NOEs, and to discard the possi-
bility of aggregates at the work-
ing concentration, NMR diffu-
sion order spectroscopy
(DOSY) experiments[11] were
used to confirm the aggregation
state of the molecules for the
employed experimental condi-
tions. It was confirmed that, at
the working concentration (ca.
1–2 mm), the molecule behaved
as a monomer, since at these concentrations the diffusion
coefficient was basically identical to that previously reported
for the chitin pentasaccharide.[11] Thus, the experimental
data can be unambiguously correlated with a single species.
After assignment of the key protons, emphasis was placed
on the inter-residual NOEs and those connecting the differ-
ent fragments of the molecules. It was observed that every
Scheme 3. Synthesis of the disaccharide donor 8.
Scheme 4. Synthesis of the protected pentasaccharide 9.
Scheme 5. Deprotection and N-acetylation of the pentasaccharide.
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anomeric proton produced one NOE contact with H-3 and
H-5 of its own residue and H-3 at the residue to the other
side of the glycosidic linkage. The intraresidual NOEs were
employed as internal references for estimation of the
proton–proton distances (Figure 1) and compared to those
calculated from molecular mechanics (MM) and molecular
dynamics (MD) calculations. Regarding the temperature co-
efficients for the amide protons, all of them oscillated be-
tween 8 and 10 ppbK1, which indicates that their degree of
protection or participation in the intramolecular hydrogen
bond is rather low. Indeed, they are in fast exchange with
bulk solvent H2O, and at 303 K, their signals are basically
lost (Figure 1).
Molecular dynamics simulations : Different protocols were
employed for accessing to the conformational and dynamic
information of compound 1. First, MD simulations (10 ns)
were performed by using a continuum solvent model (GB/
SA) and two different force fields, AMBER*[12] and
MM3*[13] as implemented in the
Macromodel/MAESTRO[14]
package, and as described in
the Experimental Section.
As the first step, the penta-
saccharide was built by setting
all the F and Y angles of every
glycosidic linkage to 60:08.
Then, the resulting geometry
was first extensively minimized
by using conjugate gradients
and then taken as the starting
structure for the MD simula-
tions by using AMBER* and
MM3*. Typical trajectories are
displayed in the Supporting In-
formation. In all cases, no chair-
to-chair or chair-to-boat inter-
conversions were observed. De-
spite extensive minimization of
the starting conformers, it is im-
portant to remark that, in both
cases, although the average
temperature was constant at
around 300 K, important fluctu-
ations (275–325 K) took place
during the simulations, inde-
pendently of the force field that
was employed. This situation is known to introduce artefacts
in the dynamic properties of the system.[15] Although the re-
sults should be considered as merely qualitative, it can be
observed that, for both MM3* and AMBER* force fields
(see also the Supporting Information), the trajectory re-
mained in the corresponding low-energy region for the four
glycosidic linkages, with basically no interconversions be-
tween conformers at these points. Therefore, according to
these MD simulations, the exo-anomeric conformer[16] at
every glycosidic torsion was the most stable one, from a con-
formational point of view, together with the syn-Y confor-
mer for the aglyconic linkage. Average angles oscillate be-
tween 40–658 for F and 0–408 for Y.
Several transitions between the possible orientations of
the hydroxymethyl groups were also observed, especially be-
tween the gg and gt rotamers.[17] Important differences were
found for the torsion angle at the amide moiety. For the
AMBER* simulations, an average H2-C2-N-H torsion of
2408 was found, whereas for the MM3* protocol, the aver-
age value was 1808. These values were maintained even
when the temperature of the simulation was set to 288, 303,
or 313 K (6 ns simulation in each case with both force
fields). In both cases, and considering the major conforma-
tion around the glycosidic linkage, there is basically no pos-
sibility of establishing inter-residual hydrogen bonds.
As further step, a 10 ns MD simulation in explicit water
was also performed with the AMBER 9.0 force field, as de-
scribed in the Experimental Section. The protocol included
a 100 ps period in which the system was heated (100–303 K),
Figure 1. A) Sections of the NOESY experiment (300 ms, mixing time) from the anomeric region to the sugar
resonances. B) Section of HSQC for the ring sugar protons, with the exception of the anomeric region. C) Var-
iation of the shape of the amide protons of 1 with temperature.
Table 1. 1H NMR spectroscopic chemical shifts [ppm] deduced for the
pentasaccharide 1 in H2O/D2O at 298 K and 900 MHz.
Proton
Ring H1 H2 H3 H4 H5 H6 NH CH3
a 4.57 3.65 3.57 3.45 3.44 3.91, 3.73 8.02 1.99
b 4.54 3.69 3.78 3.49 3.43 3.91, 3.73 8.15 2.01
c 4.53 3.68 3.80 3.49 3.43 3.91, 3.73 8.15 2.02
d 4.52 3.71 3.82 3.49 3.43 3.91, 3.73 8.15 2.00
e 4.35 3.74 3.74 3.50 3.45 3.91, 3.73 8.10 2.05
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followed by a 100 ps equilibration at 303 K. Positional re-
straints were applied to the heavy atoms and were gradually
lowered until no constrictions were applied. The unrestrain-
ed molecular dynamics simulation was continued during
10 ns at 303 K and 1 atm. Typical trajectories are displayed
in Figure 2 and in the Supporting Information. The stability
of the energy, pressure, and temperature was monitored
along the trajectory and is given in different plots in the
Supporting Information. The system was found to be fairly
stable under the employed conditions. Again, the glycosidic
linkages adopt the same conformation described above with
fluctuations around 30–658 for F and 0–408 for Y
(Figure 2). Also, transitions between the gg and gt rotamers
of the hydroxymethyl groups were observed, with popula-
tions ranging between 60–80% for gg and 40–20% for gt,
depending on the position within the pentasaccharide se-
quence (Figure 2). Nevertheless, it is possible that considera-
bly longer simulation times[18] (~100 ns) may be necessary to
adequately sample the conformational space available to
these molecules. Under these conditions in explicit water,
the amide torsions adopted a major conformation with an
anti-like H2-C2-N-H geometry for every residue, similar to
that found in the MD simulation with the MM3* force field
and the continuum solvent model (Figure 2).
Discussion
Correlation between the NMR spectroscopic and MD data :
According to the MD simulations, the glycosidic linkages
adopt a well-defined conformation in the F/Y region
around 60:08. To demonstrate the existence of conformers
defined by these values, the ex-
perimental NOE data can be
analyzed. Indeed, for these geo-
metries, close distances between
H1 of a given residue and H3
of the following one should be
expected, with interproton dis-
tances around 2.4  for every
glycosidic linkage.
These contacts were indeed
present in the NOE spectra,
with strong intensities, in the
range of those found for the in-
traresidual H1–H5 proton pair,
which, according to the simula-
tions, is defined by a very simi-
lar distance in a regular 4C1 (D)
chair. Thus, the experimental
NMR spectroscopic results vali-
dated the accuracy of the MD
simulations. Also, the global
minimum generated from the
MD simulations after extensive
energy minimization cannot
give any intraresidual hydrogen
bond, as also shown by the ex-
periments that followed the
chemical-shift variations of the
amide protons with tempera-
ture. Moreover, strong cross-
peaks between the amide pro-
tons and the water peak were
observed in the NOESY spec-
tra, thus indicating their availability to chemical exchange
processes. For the conformation around the amide region,
the experimentally measured coupling constants JNH,H2
(larger than 8 Hz) for all the residues are in agreement with
major anti-type conformations for the corresponding pro-
tons, thus supporting the conclusions of the MM3* and
AMBER 9.0 MD simulations. Also, the NHs gave NOE
cross-peaks with the intraresidual H-1 proton (correlated
with average MD HN–H1 distances of ca. 2.7 ), which
were stronger than those corresponding to the HN–H2 pairs
(average MD HN–H2 distances of ca. 2.9 ), again support-
ing a major anti-type geometry for the amide linkages.
In the obtained conformational families, the sugar glycosi-
dic linkages can be described by major conformers in which
F/Y are 60:08 with fluctuations around these values. Al-
though the geometry is well defined, the pentasaccharide is
not rigid at all, since the individual fluctuations at every
linkage permits the existence of a large degree of accessible
Figure 2. A)F/Y plot of the glycosidic torsions at the nonreducing end and its contiguous moiety of pentasac-
charide 1 during the solvated MD simulation (10 ns, AMBER) at 300 K. B) Trajectories of the C4-C5-C6-O6
w torsion angles at the nonreducing GlcNAc moiety during the 10 ns solvated simulation of 1 (AMBER,
300 K). C) Trajectory of the H2-C2-N-H torsion angle at the nonreducing end moiety during the 10 ns solvated
simulation of 1 (AMBER, 300 K). D) Trajectory of the key inter-residual distance [] between the anomeric
H-1 proton at the nonreducing end and the H-3 proton at the contiguous GlcNAc unit. The MD simulation
spanned 10 ns with the AMBER force field at 300 K.
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conformational space. All the glycosidic torsions behave in
an independent manner, with no correlations between their
individual behavior and no contacts between residues that
are more than one unit apart in the sequence. The possible
conformations are fairly extended. In any case, the relative
degree of flexibility permits these molecules to interact with
a variety of receptors through similar or different presenta-
tion modes. Nevertheless, attending to the different situa-
tions, different entropic penalties will have to be paid for
the interaction to take place. When the major conformer of
this molecule is superimposed with that of the natural chitin
analogue,[19] it can be observed that the acetamide groups
and the C6-hydroxymethyl groups occupy different spatial
orientations. Also, the extension of the chain leads to subtle
differences in the distances between the two reducing and
nonreducing ends. These features may obviously imply dis-
tinct molecular recognition properties when the mimetic
and the analogue interact with biomolecular receptors or
specific enzymes.
Molecular recognition. The interaction with a model lectin
and a model enzyme: WGA and chitinase : Since, in princi-
ple, the shape of the pentasaccharide is similar to that
adopted by the similar penta-N-acetylated chitopentaose an-
alogue, the possibility that the synthetic pentasaccharide
could also be recognized by a chitin-binding lectin was ana-
lyzed. As a model carbohydrate-binding protein, wheat
germ agglutinin was chosen, since it has been deeply studied
and its recognition mode by chitin fragments has been
firmly established.[20]
Thus, NMR spectroscopic-based binding experiments
were performed,[21] at different concentrations with penta-
saccharide/lectin ratios of 100:1, 40:1, and 20:1. The meas-
urements were performed at 298 K and STD experiments[22]
were employed to detect binding and to deduce the binding
epitope of the pentasaccharide (Figure 3).[23]
Very neat results were obtained with the sample at a ratio
L/P 20:1, which showed significant STD signals for the pro-
tons of the pentasaccharide, especially for those of the non-
reducing end N-acetyl-d-glucosamine residue (e). For this e
residue, the observed STD effects (Table 2) were more than
double than those of the central residues (b–d) and three-
fold those observed for the reducing a end. Thus, the bind-
ing epitope was clearly characterized.
Finally, trNOE experiments were also performed to char-
acterize the bound geometry.[24] Very strong negative cross-
peaks were observed for the pentasaccharide at 298 K and
500 MHz, and even when using a mixing time of only 75 ms.
This fact is a clear indication of binding, because the
NOESY spectrum of the free pentasaccharide at 298 K at
this mixing time was basically devoid of cross-peaks. No
new peaks were observed in the trNOESY spectrum
(Figure 4), when compared with the NOESYs recorded for
the saccharide in the free state at 800 MHz, which indicates
that no lectin-induced conformational variations were taking
place in the pentasaccharide structure. Thus, the major con-
formation in solution is that bound by the lectin.
To rationalize the interaction on the molecular level, the
low-energy conformer of 1, as deduced by the NMR spec-
troscopic experiments, was docked into the different WGA
binding sites[25] by using two different docking programs,
AutoDock[26] and Glide.[27] Four hevein domains are known
in the lectin.[25] The binding sites for chitooligosaccharides
are very similar in the different domains and are defined by
one Ser residue (residue at relative position 62, from the N
terminus), which provides hydrogen bonds to the carbonyl
group of one acetamide residue, two aromatic residues (i.e.,
residues Tyr64 and His66), which make stacking interactions
to two consecutive GlcNAc units, and one tyrosine moiety
(Tyr 73), which provides stabilizing van der Waals interac-
tions to the acetamide methyl group and one additional hy-
drogen bond to one sugar hydroxyl group (Figure 5).[28] The
docking protocol (see the Experimental Section) permitted
the deduction that the N terminus was nicely accommodated
in the protein binding site, at Tyr73. The second and third
units provided minor contacts with the protein, whereas the
fourth one and the reducing end were basically in contact
with the solvent. It has been demonstrated that chitooligo-
saccharides may adopt different orientations at the binding
sites of hevein domains. In this case, given the different ori-
entations of the acetamide moieties for the GlcNAc residues
in the b-1!3 versus the b-1!4 linkages, Glide only led to
Figure 3. STD-NMR spectroscopic experiments on the WGA/pentasac-
charide system. The number of scans was 128 ns, with 1 mm of the penta-
saccharide at pH 7.02 (20 mm phosphate in D2O). The ligand to protein
ratio was 20:1. At the left-hand side, the STD on (above) and off-reso-
nance (below) spectra. To the right-hand side, the observed absolute en-
hancements for the nonreducing end, which shows the maximum re-
sponse after perturbation of the protein.
Table 2. STD percentages [%] observed on the different proton resonan-
ces of 1 upon saturation of the 1H NMR spectrum at ca. d=1 ppm (pro-
tein envelope).
Ring[a] H1 H2 H3 H4 H5 H6 COCH3 OCH3
ring a nonred 10 15 15 15 7 4 17
ring b 8 5 7 6 7 4 8
ring c+d 12 –[b] 14 12 14 8 6
ring d 6 –[b] 7 6 7 4 3
ring e red 5 –[b] 4 –[b] –[b] –[b] 2 2
[a] See Figure 3. [b] Not detected.
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one major docking pose. The analogous analysis with Auto-
Dock provided the same results. Thus, the key conclusion is
that the docking analysis was in accordance with the NMR
spectroscopic-derived observations. The studies described
herein indicate that the chemical modifications from bACHTUNGTRENNUNG(1-4)
to b ACHTUNGTRENNUNG(1-3) influence the spatial disposition of the sugar chain,
but keeping the overall shape and somehow, the molecular
recognition abilities.
Furthermore, we also explored the possibility of the enzy-
matic hydrolysis of this synthetic pentasaccharide by an N-
acetyl glycosaminidase enzyme. NMR spectroscopic experi-
ments were carried out on a pentasaccharide sample, by
using the chitinase from Streptomyces Grisues. This enzyme
was employed since it is able to readily hydrolyze b1-4 link-
ages in natural chitin oligosaccharides. The 1D 1H NMR
spectroscopic experiments were performed in buffer phos-
phate D2O (50 mm pH 6 at 298 K) with a sugar to enzyme
molar ratio of 20:1. After two hours, the NMR spectra did
not show any variation of the intensity of the sugar peaks,
especially at the structural reporter anomeric region. The
nonreducing-end proton kept the same intensity throughout
the whole two-hour experiment, and also after 24 h. A com-
pletely different behavior was observed for the reference ex-
periments with the natural chitopentaose substrate. Thus,
the change from b1-4 to a b1-3 linkage precludes the hydrol-
ysis, at least for this particular enzyme. However, slight line
broadening was observed for the signals of compound 1 and
also STD experiments gave rise to several signals at the
sugar region, thus assessing that interactions between the
synthetic pentasaccharide 1 with the enzyme were taking
place (Figure 6). DOSY experiments allowed the confirma-
tion that 1 is not degraded. Although merely speculative,
the observed interaction throughout the line broadening of
the NMR spectroscopic resonance signals and the STD en-
hancements could arise from interactions at the chitin bind-
ing domain of the enzyme and not at the intrinsic catalytic
site. Indeed, the inhibitory power of the synthetic pentasac-
charide to avoid chitopentaose degradation was very weak,
in the millimolar range.
Figure 4. A) Tr NOESY spectrum (200 ms mixing time) of 1 in the pres-
ence of WGA, a model lectin. Negative cross-peaks are observed, which
indicate lectin binding. In the views below, the recognition mode of the
chitin mimetic by the lectin is shown. B) Major contacts are observed for
the nonreducing end (as also assessed by the NMR STD experiments),
followed by the second residue. Only marginal contacts are observed for
the third residue, whereas the fourth and fifth ones are in contact with
the solution. C) Pentasaccharide 1 is superimposed with chitobiose, by
using the nonreducing end. The different orientations of the acetamide
and C6-hydroxymethyl groups are evidenced.
Figure 5. Typical binding site of chitooligosaccharides at hevein domains.
The case for one of the binding sites of WGA is shown. The binding is
defined by Ser62, which provides a hydrogen bond to the carbonyl group
of one acetamide residue, residues Tyr64 and His66, which make stacking
interactions to the two consecutive GlcNAc units, and Tyr73, which pro-
vides stabilizing van der Waals interactions to the acetamide methyl
group and one additional hydrogen bond to one sugar hydroxyl group.[28]
Figure 6. Hydrolysis of the natural penta-N-acetyl chitopentaose by the
chitinase enzyme. Clear variations at the sugar region (A) and at the ace-
tate methyl region (B) are observed, verifying hydrolysis. In contrast,
only line broadening is observed for pentasaccharide 1 in the presence of
the chitinase, both for the sugar (C) and methyl region (D). The data in-
dicate ligand binding to the protein, but not hydrolysis.
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Experimental Section
Synthesis: General methods : Optical rotations were measured at 20
2 8C with a Perkin–Elmer Model 241 digital polarimeter, by using a
10 cm, 1 mL cell. Chemical ionization (CI) and Fast Atom Bombardment
(FAB) mass spectra were obtained with a JMS-700 spectrometer. Elec-
trospray ionization (ESI) mass spectra were recorded with a Q-TOF1
(Micromass) time-of-flight mass spectrometer. 1H NMR spectra were re-
corded with a Brker DRX 400 spectrometer at ambient temperature.
Assignments were aided by COSY experiments. 13C NMR spectra were
recorded at 100.6 MHz with a Brker DRX 400 for solutions in CDCl3
or D2O. CDCl3 was adopting a peak at d=77.00 ppm (for the central line
of CDCl3). Spectra in water were referenced by using DSS (dodecyl
sodium sulfate) as external standard. Assignments were aided by a J-mod
technique and proton–carbon correlation. Reactions were monitored by
TLC on a precoated plate of silica gel (60F254, layer thickness 0.2 mm, E.
Merck, Darmstadt, Germany) and detection by charring with sulfuric
acid. Flash-column chromatography was performed on silica gel 60 (230–
400 mesh, E. Merck).
Methyl (4,6-O-benzylidene-2-deoxy-2-phthalimido-b-d-glucopyranosyl)-
(1!3)-(4,6-O-benzylidene-2-deoxy-2-phthalimido-b-d-glucopyranosyl)-
(1!3)-4,6-O-benzylidene-2-deoxy-2-phthalimido-b-d-glucopyranoside
(2): Magnesium (1.68 g, 0.07 mol) was added to dry methanol (50 mL);
then a few iodine crystals were added into the solution. The mixture was
refluxed for 2 h to give a Mg ACHTUNGTRENNUNG(OMe)2 solution. The freshly prepared Mg-
ACHTUNGTRENNUNG(OMe)2 solution (12 mL) was then added to a solution of 3 (383 mg,
0.316 mmol) in dry dichloromethane (12 mL). After the reaction mixture
had been stirred for 48 h at room temperature under argon, TLC showed
completion of the reaction. The mixture was neutralized to pH 7 with
acetic acid, filtered, and concentrated. The residue was dissolved in di-
chloromethane and washed with water, dried with MgSO4, and concen-
trated. The residue was flash-chromatographed with silica gel (dichloro-
methane/ethyl acetate 20:1) to give 2 (329 mg, 89%) as a white powder:
Rf=0.38 (cyclohexane/ethyl acetate 1:2); [a]D=38 (c=1.0 in chloro-
form); 1H NMR (400 MHz, CDCl3): d=5.52 (s, 1H; PhCH), 5.47 (s, 1H;
PhCH), 5.42 (s, 1H; PhCH), 5.21 (d, 1H, J=8.40 Hz; H-1“), 5.10, 4.85
(2d, 2H, J=8.5, 8.4 Hz; H-1, H-1’), 4.82, 4.66 (2dd, 2H, J2,3=10.37, J3,4=
9.10, J2’,3’=10.30, J3’,4’=8.90 Hz; H-3, H-3’), 4.27 (dd, 1H, J2’’,3’’=10.25,
J3’’,4’’=9.78 Hz; H-3’’), 4.35, 4.20 (2dd, 2H, J5,6b=4.81, J6a,6b=10.45, J5’,6’b=
4.80, J6’a,6’b=10.44 Hz; H-6b, H-6’b), 4.14, 4.08 (2dd, 2H, J1,2=8.45, J2,3=
8.51, J1’2’=8.32, J2’,3’=10.30 Hz; H-2, H-2’), 4.11 (dd, 1H, J6’’a,6’’b=10.40,
J5’’,6’’b=4.53 Hz; H-6’’b), 4.03 (dd, 1H, J1’’,2’’=8.45, J2’’,3’’=8.39 Hz; H-2’’),
3.81, 3.72 (2 t, 2H, J5,6a=J6a,6b=10.25, J5’,6’a=J6’a,6’b=10.17 Hz; H-6a, H-
6’a), 3.65 (t, 2H, J=9.19, 9.01 Hz; H-4, H-4’), 3.57 (t, 1H, J=10.7 Hz; H-
6’’a), 3.55, 3.39 (2 m, 2H; H-5, H-5’), 3.39 (dd, 1H, J=9.13, 9.10 Hz; H-
4’’), 3.30 (s, 3H; OCH3), 3.27 (m, 1H; H-5’’), 2.16 ppm (br s, 1H; OH);
13C NMR (100.6 MHz, CDCl3): d=137.21, 137.11, 136.91, 131.37, 131.15,
130.92, (arom. C), 133.90, 133.62, 129.29, 129.27, 129.07, 129.01, 128.28,
128.24, 128.20, 128.15, 126.23, 126.04, 125.99, 123.48, 123.19, 123.07
(arom. CH), 101.76, 101.11 (3PhCH), 99.65, 97.43, 97.17 (C-1, C-1’, C-
1”), 81.79, 79.90, 79.78 (C-4, C-4’, C-4“), 74.22, 73.93, 68.34 (C-3, C-3’, C-
3”), 68.62, 68.54 (C-6, C-6’, C-6“), 66.29, 66.07, 65.72 (C-5, C-5’, C-5”),
56.84 (OCH3), 56.01, 55.58, 55.54 ppm (C-2, C-2’, C-2“); HRMS (CI
+):
m/z : calcd for C64H55O19N3Na: 1192.3327 [M+Na]
+ ; found: 1192.3298.
3-O-Acetyl-4,6-O-benzylidene-2-deoxy-2-phthalimido-d-glucopyranose
(5): A solution of compound 4 (3 g, 5.64 mmol, 1 equiv), THF, (18 mL),
and water (3.6 mL) was stirred for 30 min at room temperature. Then the
reaction mixture was cooled to 0 8C and a mixture of HgO (1.8 g,
8.42 mmol, 1.5 equiv), THF (8 mL), and BF3·Et2O (1.4 mL, 2.0 equiv)
was added slowly. After stirring at room temperature for 32 h, the reac-
tion mixture was neutralized with Et3N and concentrated. The residue
was dissolved in dichloromethane, washed with saturated aqueous
NaHCO3 solution, aqueous KI solution (10%), water, and saturated
brine. The resulting mixture was dried with MgSO4 and concentrated.
The residue was flash-chromatographed with silica gel (dichloromethane/
ethyl acetate 15:1, Et3N, 0.1%), to give 5 (1.39 g, 56%), which was en-
gaged directly to the next reaction.
3-O-Acetyl-4,6-O-benzylidene-2-deoxy-2-phthalimido-b-d-glucopyranosyl
trichloroacetimidate (6): A mixture of 5 (690 mg, 1.57 mmol) and 4 
molecular sieves (2.16 g) in dry dichloromethane (28 mL) was stirred at
room temperature for 30 min under argon. After the reaction mixture
had been cooled to 0 8C, trichloroacetonitrile (2.16 mL) and DBU
(279 mL) were added dropwise. The mixture was stirred at 0 8C for 5 h,
then filtered through a Celite bed. After concentration, the residue was
purified by flash chromatography with silica gel (dichloromethane/ethyl
acetate 40:1 with 0.1% triethylamine) to give the 6 as a white powder
(610 mg, 67%). Rf=0.50 (cyclohexane/ethyl acetate 1.5:1); [a]D=24
(c=1 in chloroform); 1H NMR (400 MHz, CDCl3): d=7.90-7.20 (m, 9H;
arom.), 6.75 (d, 1H, J1,2=8.78 Hz; H-1), 6.05 (dd, 1H, J2,3=9.29, J3,4=
10.04 Hz; H-3), 5.61 (s, 1H; PhCH), 4.64 (dd, 1H, J1,2=8.79, J2,3=
10.27 Hz; H-2), 4.53 (dd, 1H, J5,6b=4.17, J6a,6b=9.91 Hz; H-6a), 4.03-3.89
(m, 3H; H-4, H-5, H-6b), 1.96 ppm (s, 3H; OAc); 13C NMR (100.6 MHz,
CDCl3): d=170.14 (C=O, Ac), 167.49, 163.62 (C=O, NPhth), 160.55 (C=
NH), 136.62, 131.13, (arom. C), 134.41, 129.23, 128.24, 126.22, 123.64
(arom. CH), 101.74 (PhCH), 93.94 (C-1), 78.78 (C-4), 69.38 (C-3), 68.37
(C-6), 66.94 (C-5), 54.21 (C-2), 20.53 ppm (CH3C=O); HRMS (FAB
+):
m/z : calcd for C25H21O8N2Cl3K: 621.0001 [M+K]
+ ; found: 621.0016.
Phenyl 3-O-(3-O-acetyl-4,6-O-benzylidene-2-deoxy-2-phthalimido-b-d-
glucopyranosyl)-4,6-O-benzylidene-2-deoxy-2-phthalimido-1-thio-b-d-glu-
copyranoside (8): A solution of 6 (360 mg, 0.62 mmol, 1.2 equiv) and 7
(250 mg, 0.52 mmol, 1 equiv) in dry dichloromethane (2.5 mL) was stirred
with ground 4  (896 mg) molecular sieves for 40 min at room tempera-
ture under an argon atmosphere. TMSOTf (110 mL, 0.52 mmol, 1 equiv)
was added dropwise at 0 8C, and the mixture was stirred at that tempera-
ture for 3 h. The reaction mixture was then filtered through Celite and
the solid was washed with dichloromethane. The filtrate was washed with
saturated aqueous NaHCO3 solution and then with water, dried over
MgSO4, and concentrated. The residue was flash-chromatographed from
a column of silica gel (cyclohexane/ethyl acetate 2:1) to give 8 (420 mg,
79%). Rf=0.39 (cyclohexane/ethyl acetate 1.5:1); [a]D=+29 (c=1 in
chloroform); 1H NMR (400 MHz, CDCl3): d=7.8–7.20 (m, 23H; arom.),
5.62 (t, 1H, J2’,3’=J3’,4’=9.73 Hz; H-3’), 5.61, 5.45 (2s, 2H; 2PhCH),
5.60, 5.47 (2d, 2H, J=8.54, 8.05 Hz; H-1, H-1’), 4.89 (dd, 1H, J2,3=8.88,
J3,4=9.84 Hz; H-3), 4.40 (dd, 1H, J5,6a=4.7, J6a,6b=10.47 Hz; H-6a), 4.35
(dd, 1H; H-2), 4.21 (dd, 1H; H-2’), 4.12 (dd, 1H; J5’,6’a=4.81, J6’a,6’b=
10.47 Hz; H-6’a), 3.87 (t, 1H, J=10.10 Hz; H-6b), 3.78 (t, 1H, J=
9.05 Hz; H-4), 3.70 (m, 1H; H-5), 3.67 (t, 2H, J=9.65 Hz; H-4’, H-6’b),
3.48 (m, 1H; H-5’), 1.77 ppm (s, 3H; OAc); 13C NMR (100.6 MHz,
CDCl3): d=170.00 (C=O; Ac), 137.02, 136.85, 131.68 (arom. C), 134.08,
133.93, 132.31, 129.22, 129.09, 128.89, 128.29, 128.15, 128.02, 126.23,
126.00, 123.26 (arom. CH), 101.56, 101.32, 97.58 (2PhCH, C-l’), 84.72
(C-1), 80.11, 78.82 (C-4, C-4’), 75.81, 69.75 (C-3, C-3’), 70.51, 65.90 (C-5,
C-5’), 68.56, 68.50 (C-6, C-6’), 55.64, 54.54 (C-2, C-2’), 20.35 ppm (CH3C=
O); HRMS (FAB+): m/z : calcd for C50H42O13N2SNa: 933.2305 [M+Na]
+ ;
found: 933.2318.
Methyl (3-O-acetyl-4,6-O-benzylidene-2-deoxy-2-phthalimido-b-d-gluco-
pyranosyl)-(1!3)-(4,6-O-benzylidene-2-deoxy-2-phthalimido-b-d-gluco-
pyranosyl)-(1!3)-(4,6-O-benzylidene-2-deoxy-2-phthalimido-b-d-gluco-
pyranosyl)-(1!3)-(4,6-O-benzylidene-2-deoxy-2-phthalimido-b-d-gluco-
pyranosyl)-(1!3)-4,6-O-benzylidene-2-deoxy-2-phthalimido-b-d-gluco-
pyranoside (9): A mixture of compound 2 (312 mg, 0.267 mmol, 1 equiv),
8 (243 mg, 0.267 mmol, 1 equiv), 4  powered molecular sieves (1.2 g)
and dry dichloromethane (17 mL) was stirred at room temperature for
30 min under argon. NIS (140 mg, 0.61 mmol, 2.3 equiv) was added and
the reaction mixture was cooled to 30 8C; then triflic acid (2.36 mL,
0.027 mmol, 0.1 equiv) was introduced by dilution in dichloromethane.
After stirring at 30 8C for 4 h, the reaction mixture was neutralized with
Et3N, filtered through a Celite bed, washed with water, saturated aqueous
thiosulfate solution, and saturated brine, dried with MgSO4, and concen-
trated. The residue was flash-chromatographed with silica gel (cyclohex-
ane/acetone 4:3), to give 9 (472 mg, 90%) as an amorphous white
powder. Rf=0.32 (cyclohexane/acetone 1:1). [a]D=49 (c=1 in chloro-
form); 1H NMR (400 MHz, CDCl3): d=7.80–7.10 (m, 45H; arom.), 5.49
(t, 1H, J=9.8 Hz; H-3e), 5.49 (s, 1H; PhCH), 5.41 (s, 1H; PhCH), 5.40
(s, 1H; PhCH), 5.38 (s, 1H; PhCH), 5.37 (s, 1H; PhCH), 5.35 (d, 1H, J=
8.35 Hz; H-1e), 4.99, 4.85, 4.82, 4.78 (4d, 4H, J=8.37, 8.33, 8.23, 7.39 Hz;
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H-1a, H-1b, H-1c, H-1d), 4.79 (m, 1H; H-3c), 4.57, 4.53, 4.49 (3dd, 3H,
J2a,3a=9.07, J3a,4a=10.3, J2b,3b=9.07, J3b,4b=10.39, J2d,3d=9.12, J3d,4d=
10.21 Hz; H-3a, H-3b, H-3d), 4.33 (dd, 1H, J5c,6c=4.74, J6c,6’c=10.46 Hz;
H-6c), 4.18, 4.13 (3dd, 3H, J5a,6a=4.72, J6a,6’a=10.3, J5b,6b=5.34, J6b,6’b=9.4,
J5d,6d=5.34, J6d,6’d=9.4 Hz; H-6a, H-6b, H-6d), 4.07-3.94 (m, 5H; H-6e, H-
2a, H-2b, H-2c, H-2e), 3.90 (dd, 1H, J1d,2d=8.37, J2d,3d=10.37 Hz; H-2d),
3.79 (t, 1H, J=10.11 Hz; H-6’c), 3.70-3.43 (m, 10H; H-6’a, H-6’b, H-6’d,
H-6’e, H-4a, H-4b, H-4c, H-4d, H-4e, H-5c), 3.30 (ddd, 2H; H-5d, H-5e),
3.28 (s, 3H; OCH3), 3.25-3.15 (m, 2H; H-5a, H-5b), 1.70 ppm (s, 3H;
OAc); 13C NMR (100.6 MHz, CDCl3): d=169.84 (C=O, Ac), 167.18,
167.15, 167.01 (C=O, NPhth), 137.11, 137.08, 137.04, 137.02, 136.79,
131.26, 130.81, 130.72 (arom. C), 133.89, 133.66, 133.62, 133.46, 129.01,
128.96, 128.89, 128.87, 128.14, 128.10, 128.07, 126.14, 125.96, 125.91,
125.88 (arom. CH), 101.41, 101.03, 100.95, 100.87 (5PhCH), 99.60,
97.32, 96.78 (C-1a, C-1b, C-1c, C-1d, C-1e), 79.75, 79.72, 79.32, 79.28,
78.67 (C-4a, C-4b, C-4c, C-4d, C-4e), 74.09, 73.71, 73.15, 73.06, 69.59 (C-
3a, C-3b, C-3c, C-3d, C-3e), 68.43 (C-6a, C-6b, C-6c, C-6d, C-6e), 66.20,
65.99, 65.86, 65.75, 65.63 (C-5a, C-5b, C-5c, C-5d, C-5e), 56.79 (OCH3),
55.63, 55.53, 55.49, 55.42, 55.34 (C-2a, C-2b, C-2c, C-2d, C-2e), 20.24 ppm
(CH3C=O); HRMS (FAB
+): m/z : calcd for C108H91O32N5Na: 1992.5545
[M+Na]+ ; found: 1992.5571.
Methyl (3-O-acetyl-2-deoxy-2-phthalimido-b-d-glucopyranosyl)-(1!3)-
(2-deoxy-2-phthalimido-b-d-glucopyranosyl)-(1!3)-(2-deoxy-2-phthali-
mido-b-d-glucopyranosyl)-(1!3)-(2-deoxy-2-phthalimido-b-d-glucopyra-
nosyl)-(1!3)-2-deoxy-2-phthalimido-b-d-glucopyranoside (10-1) and
methyl (2-deoxy-2-phthalimido-b-d-glucopyranosyl)-(1!3)-(2-deoxy-2-
phthalimido-b-d-glucopyranosyl)-(1!3)-(2-deoxy-2-phthalimido-b-d-glu-
copyranosyl)-(1!3)-(2-deoxy-2-phthalimido-b-d-glucopyranosyl)-(1!3)-
2-deoxy-2-phthalimido-b-d-glucopyranoside (10-2): p-Toluenesulfonic
acid (2.3 mg) was added to a solution of compound 9 (235 mg,
0.12 mmol) in THF (2.8 mL) and methanol (11.9 mL), the mixture was
then stirred and heated at 55 8C for 24 h. After neutralization with satu-
rated aqueous NaHCO3 solution, the mixture was dried over MgSO4 and
concentrated. The residue was flash-chromatographed by using a column
of silica gel (dichloromethane/methanol 7:1). Compound 10-1 eluted first
(122 mg, 66%; MS (FAB+): m/z : C73H71O32N5Na: 1552.32 [M+Na]
+) fol-
lowed by compound 10-2, which eluted second (38 mg, 21%; MS
ACHTUNGTRENNUNG(FAB+): m/z : C71H69O31N5Na: 1510.60 [M+Na]
+ .
Methyl (2-acetamido-2-deoxy-b-d-glucopyranosyl)-(1!3)-(2-acetamido-
2-deoxy-b-d-glucopyranosyl)-(1!3)-(2-acetamido-2-deoxy-b-d-glucopyra-
nosyl)-(1!3)-(2-acetamido-2-deoxy-b-d-glucopyranosyl)-(1!3)-2-acet-
amido-2-deoxy-b-d-glucopyranoside (1): Hydrazine hydrate (0.25 mL)
and water (0.25 mL) were added to a stirred solution of compound 10-1
(20 mg, 0.013 mmol) in ethanol (4.2 mL), and the mixture was refluxed
for 12 h at 80 8C. The reaction mixture was concentrated and the residue
was used in the next reaction directly.
Water (0.4 mL), methanol (3.6 mL), and NaHCO3 (300 mg, 7.5 equiv)
were added to the residue obtained above. The mixture was stirred at
0 8C and acetic anhydride (1 mL) was added dropwise. After stirring at
room temperature for 4 h, the mixture was evaporated under reduced
pressure. The residue was chromatographed by a column of Sephadex
G25 (distilled water) to give the pentasaccharide 1 (6.5 mg, 48% for two
steps) as an amorphous white powder. Rf=0.21 (ethyl acetate/isopropa-
nol/H2O 1:1:1); [a]D=10 (c=0.8 in H2O); 1H NMR (400 MHz, D2O):
d=4.57, 4.56, 4.54, 4.52, 4.35 (5d, 5H, J=8.2, 7.2, 8.4, 8.7, 8.3 Hz; H-1a,
H-1b, H-1c, H-1d, H-1e), 3.47 (s, 3H; OCH3), 2.05, 2.02, 2.02, 2.01,
1.99 ppm (5s, 15H; CH3, 5Ac);
13C NMR (100.6 MHz, D2O): d=
174.88, 174.52, 174.25, 174.22, 174.15 (C=O, 5Ac), 102.57, 101.34,
101.19, 100.92, 100.89 (5C-1), 81.22, 80.77, 80.36, 80.17, 76.12, 75.73,
75.63, 75.58, 75.56, 73.55, 70.15, 68.86, 68.77, 68.67, 68.66 (5C-3, 5C-4,
5C-5), 61.12, 61.00, 60.94 (5C-6), 57.55 (OMe), 56.02, 55.23, 55.22,
55.01, 54.83 (5C-2), 22.86, 22.84, 22.76, 22.73, 22.63 ppm (CH3, 5Ac);
MS (FAB+): m/z : 1086.37 [M+K]+ ; HRMS (ESI+): m/z : calcd for
C41H69O26N5Na: 1070.4128 [M+Na]
+ ; found: 1070.4175.
By using the same procedure, compound 10-2 was deprotected and N-
acetylated to also afford the target 1.
NMR spectroscopy : For the NMR spectroscopic measurements, the pen-
tasaccharide (~2 mg) was dissolved in D2O (0.5 mL, phosphate buffer,
pH 5.7). Spectra in H2O 85/D2O 15% (0.5 mL) were also recorded to
look at the exchangeable amide protons.
2D-NOESY and TOCSY spectra were obtained by using the standard
pulse sequences provided by the manufacturer in different spectrometers:
BRUKER AVANCE spectrometer operating at a frequency of 800 MHz
and a VARIAN NMR spectrometer operating at a frequency of
900 MHz. NOESY spectra were collected with mixing times ranging be-
tween 60 and 300 ms at 278, 288, 298 and 308 K. For DOSY experiments,
the samples were prepared in D2O and the standard BRUKER DOSY
protocol was used at 298 K on an AVANCE 500 MHz equipped with a
broad-band z-gradient probe. Thirty-two 1D 1H spectra were collected
with a gradient duration of d=2 ms and an echo delay of D=100 ms. Ac-
quisition times of 8—15 min (8–16 scans) were required for the samples.
The ledbpg2s pulse sequence, with stimulated echo, longitudinal eddy
current compensation, bipolar gradient pulses, and two spoil gradients,
was run with a linear gradient (53.5 Gcm1) stepped between 2 and 95%.
The 1D 1H spectra were processed and automatically baseline corrected.
The diffusion dimension, zero-filled to 1k, was exponentially fitted ac-
cording to preset windows for the diffusion dimension (8.5< logD<
10.0).
Interaction studies with WGA lectin : Commercial WGA was purchased
from Sigma. The binding of the pentasaccharide was evaluated by STD
experiments performed with 20:1, 40:1, and 100:1 molar ratios of the
sugar/WGA mixture. The concentration of the protein was ca. 150 mm. A
series of Gaussian-shaped pulses of 50 ms each was employed with a
total saturation time for the protein envelope of 2 s and a maximum B1
field strength of 60 Hz. An off-resonance frequency of d=40 ppm and
on-resonance frequency of d=1.0 ppm (protein aliphatic signals region)
were applied.
The exchange transferred NOE experiments (trNOE) were performed by
using regular 2D-NOESY experiments. Measurements were done with a
freshly prepared ligand/lectin mixture, with mixing times of 75 and
150 ms, by using a 20:1 molar ratio of ligand/protein. A concentration of
1 mm of the ligand was employed. No purging spin-lock period was em-
ployed to remove the NMR spectroscopic signals of the macromolecule
background. Strong negative NOE cross-peaks were observed, in contrast
to the free state, which indicates binding of the sugars to the lectin prepa-
ration.
Interaction studies with the chitinase : Commercial chitinase (from Strep-
tomyces Grisues) was purchased from Sigma (C6137-5UN), and its inter-
action with pentasaccharide 1 was monitored by 1D 1H NMR spectro-
scopic experiments. NMR spectra were performed in deuterated buffer
phosphate (50 mm, pH 6) at 298 K, the concentration of the pentasacchar-
ide was 1 mm, and the ratio between the sugar and enzyme was 20:1.
1H NMR spectroscopic experiments were recorded for 2 h (for the initial
30 min, the 1H NMR spectroscopic experiments were recorded every
2 min; then at regular intervals of 5 min for 1.30 h) after the addition of
the enzyme. One additional experiment was carried out 24 h later. STD
experiments were recorded on the same samples, a series of Gaussian-
shaped pulsed of 50 ms each was employed with a total saturation time
for the protein envelope of 2 s and a maximum B1 field strength of
60 Hz. An off-resonance frequency of d=40 ppm and an on resonance
frequency of d=1.0 ppm (protein aliphatic signals region) were applied.
The DOSY experiments were performed with the standard BRUKER
DOSY protocol at 298 K on an AVANCE 600 MHz, equipped with a
broad-band z-gradient probe. No change in the diffusion coefficient of
the sample was observed after 24 h.
Molecular dynamics simulations
In vacuum : As the first step, pentasaccharide 1 was built by setting all
the F and Y angles of every glycosidic linkage to 60:08. Then, the result-
ing geometry was extensively minimized by using conjugate gradients
and then taken as the starting structure for the MD simulations by using
AMBER* and MM3* force fields. The desired temperature (300 K) was
obtained by raising the temperature from 0 to 300 K in 10 K increments
every ps. This heating period was followed by a 170 ps equilibration
period and a 10 ns trajectory. The temperature was controlled during the
equilibration and simulation periods by coupling to a temperature bath,
with an exponential decay constant of 0.1 ps. During the equilibration
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period, the velocities were scaled when the difference between the actual
and the required temperature was higher than 108. Trajectory frames
were saved every 5 ps.
In explicit solvent : A 10 ns MD simulation was carried out by using the
AMBER 9 package.[29] Initial structures were built by using Sybyl 7.3 and
their initial coordinates were based on geometries taken from the previ-
ous results obtained in vacuum. Partial atomic charges were obtained by
using the restricted electrostatic potential (RESP) method:[30] for this
purpose all molecules were first subjected to a single-point calculation
with the HF/6-31G* basis set by using Gaussian 03.[31] Glycam 04 atomic
types were assigned to the carbohydrate moiety.[32] Compound 1 was
placed in a 10  depth truncated octahedral box of explicit TIP3P
waters. The equilibration phase consisted of energy minimization of the
solvent followed by an energy minimization of the entire system without
restraints. The system was then heated up to 288 K during 100 ps, fol-
lowed by 100 ps at constant temperature and constant pressure of 1 atm.
The unrestrained MD simulation was continued during 10 ns under a
constant pressure of 1 atm. and constant temperature of 288 K controlled
by the Langevin thermostat with a collision frequency of 1.0 ps1. During
the simulation, the SHAKE algorithm[33] was applied to all hydrogen
atoms. A cut-off of 10  for all nonbonded interactions was adopted. An
integration time step of 2 fs was employed and periodic boundary condi-
tions were applied throughout. The particle mesh Ewald (PME) method
was used to compute long-range electrostatic interactions.[34] Minimiza-
tion, equilibration, and production phases were carried out by the
SANDER module, whereas the analyses of the simulations were per-
formed by using the Ptraj module of AMBER 9. The visualization of the
trajectories was performed by using VMD software. Data processing and
a 2D plot were created by using Scilab and Sigmaplot software.
Docking calculations : The major conformer of the pentasaccharide in the
free state (as deduced by the combined NMR spectroscopic and molecu-
lar modeling approach) was docked into the carbohydrate binding sites
of WGA (PDB code 2UVO). Indeed, this conformer was used as input
geometry for the docking calculations with AutoDock 3.0[26] and Glide.[27]
The ligand charges were those estimated above. For the docking studies
with AutoDock, the multiple Lamarckian Genetic Algorithm was chosen.
Only local searches were performed centered in the experimental chitin-
specific binding sites. Grids of probe atom interaction energies and elec-
trostatic potential were generated by the AutoGrid program present in
AutoDock 3.0. A grid spacing of 0.375  was used for the local search.
For each calculation, 100 docking runs were performed by using a popu-
lation of 200 individuals and an energy evaluation number of 3106. For
the Glide-based analysis, the protein structure was prepared by using the
Maestro 8.5 protein preparation wizard (Schrodinger, LLC, 2008, New
York, NY); water molecules were deleted, bond orders assigned, and hy-
drogen atoms added. Next, the orientation of hydroxyl groups, amide
groups of Asn and Gln, and the charge state of the His residues were op-
timized. Finally, a restrained minimization of the protein structure was
performed by using the default constraint of 0.30  RMSD and the
OPLS 2001 force field. The prepared protein structure was used for the
subsequent docking calculations. A grid box of default size (2020
20 3) was centered on the key binding site defined by Tyr73. Default pa-
rameters were used and no constraints were included during grid genera-
tion. The extra-precision (XP) docking protocol was employed.[35] Three
docking solutions were found by using this protocol with GlideScores be-
tween 3.34 and 7.17 kcalmol1. For comparison purposes, in the Auto-
Dock runs, four docking solutions were found, within a 15 kJmol1
energy threshold. Nevertheless, in both AutoDock and Glide protocols,
the best solution showed the typical interactions for the terminal GlcNAc
moiety in hevein domains.
Molecular modeling : All the details of the calculations are given in the
Supporting Information.
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Fig S1. Phi/Psi Plots of the different glycosidic torsions of pentasaccharide 1 during the 
solvated MD simulation (10 ns, AMBER) at 300 K. 
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Supporting information. Trajectories of the H2-C2-N-H torsion angles at the different 
GlcNAc moieties during the 10 ns solvated simulation of 1 (AMBER, 300 K) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supporting information. Trajectories of the C4-C5-C6-O6  torsion angles at the 
different GlcNAc moieties during the 10 ns solvated simulation of 1 (AMBER, 300 K) 
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Fig 2B. Trajectory of the intraresidual H1-H3 and H1-H5 distances for the non reducing 
end GlcNAc moiety, during the 10 ns solvated simulation of 1 (AMBER, 300 K). For 
the different rings, the results are basically identical. The chair conformations of the 
different rings are kept during the whole simulation. Also, the distance between the 
amide and the anomeric protons at the same GlcNAc moiety are also shown. 
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Amide torsions. The anti conformer predominates 
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ω hydroxymethyl angles. Equilibrium between rotamers 
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Molecular Dynamics 
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The behaviour of Amide torsion angles. Non anti conformers are found with this 
force field 
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The behaviour of Amide torsion angles. Anti conformers are found with this 
force field 
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The behaviour of Amide torsion angles. Even increasing temperature, non anti 
conformers are found with this force field 
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The behaviour of Amide torsion angles. Anti conformers are found with this 
force field also increasing temperature 
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Amide angles. Still nn anti conformers at 313 K 
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Amide angles. The anti conformer still predominates at 313 K 
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Interproton Distances 
In all cases, the same behaviour. There are short distances between 
H1 of one residue and H3 of the preceding one. Chairs are stable. 
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3.2 Legume Lectins and the symbiotic process:  
Nod Factor perception by LysM domains 
3.2.1 Introduction 
Living organisms (plants, animals, and microorganisms) are able to establish several 
types of interactions characterized by a close physical association during a significant 
period of life, with the aim to growth, survival, and/or reproduction.  
We will now focus on nitrogen-fixing rhizobial bacteria and leguminous plants. These 
species have developed complex signal exchange mechanisms that permit to the 
bacteria to invade the roots of its host plant to generate structures where the bacteria can 
enter in the roots. Taking advantage from this attack, bacteria differentiate into a new 
form that can now convert atmospheric nitrogen into ammonia. In fact, nitrogen is an 
essential element required by all the organisms, but plants are unable to directly use the 
nitrogen gas contained in the air. Thus, in this so-called symbiotic process, the plants 
also benefit, since the nitrogen is transformed in ammonia by the bacteria
1-10
. 
Obviously, there is social interest towards this fundamental process, due to the 
applications of legume plants in agriculture. Peas, beans, soybeans are a major source of 
protein-rich foods and animal feed, but do not require added nitrogen fertilizers, as they 
are able to make their  own. The symbiotic process permits also that part of the fixed 
nitrogen is released into the soil and, in this way, able to increase soil fertility, bringing 
significant benefits to subsequent  plants in crop rotations. The interest in such 
biological process is increasing nowadays due to its relationship with sustainable 
agriculture, since it reduces the use of chemically-produced nitrogen fertilizers, which 
are energy-demanding and damaging for the environment. 
Many efforts have been made to try to understand this biological process. Recently, the 
discovery of the entire genome sequence of Sinorhizobium Meliloti and the partial 
genome sequence of the Medicago Truncatula and Sativa encouraged the molecular 
characterizations of the distinct parts that are involved in the symbiosis process. In the 
first part, the plant sends signaling molecules (flavonoids). These are recognized by 
rhyzobia bacteria, where specific genes called nod genes (nodL, nodF, etc.) are 
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responsible to produce specific molecules named Nodulation Factors (Nod-F), which 
are different depending on the host plants
1, 11, 12
. Then, these molecular signals, Nod-F, 
are able to trigger multiple responses in the host plant, including the preparation of the 
plant to receive the bacteria invasion.  
From the chemical perspective, and in the context of this Thesis, Nod-F are 
lipochitoligosaccharides (LCOs), formed by an oligosaccharide backbone of  three, four 
or five N-acetyl glucosamine residues, which are usually  N-acylated at the non-
reducing end with a fatty acid, generally of 16 or 18 carbon atoms, and can carry 
various substitutions. The nature of the N-acyl chains and the other substitutions are 
important determinants of rhizobial host specificity
5
 (Fig. 39). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 39. Top: Schematic view of the different chemical structures of natural Nod-F, along with their 
possible substituents and features. Bottom: Different features characterizing the responses of legume 
roots to Nod factors  (Cullimore et al. 2001
5
). 
 
 
After the recognition of Nod-Fs, the plant starts to modify the roots in order to prepare 
the bacterial invasion. One of the earliest responses consists in the increase of the 
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intracellular level of calcium in root hairs, following by strong oscillation (calcium 
spiking) and alterations of the root hair cytosekeleton and curling of the root hairs, 
which now trap the rhizobial bacteria (Fig.40). These molecules are able to induce host 
cell responses
13
 within seconds at low concentrations around 10
-12
 -10
-9
 M.  
The presence of the O-sulphate group in position 6 at the reducing end has been 
established to be related to all the symbiotic responses
14
 whereas the acyl group at the 
non-reducing end has been correlated with infection and nodulation
15
.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.40. Top. Schematic view of the initial dialogue between Medicago Truncatula and Sinorhizobium 
Melilot
6
i, as described in the text (paragraph above). Bottom. Different phases of the rhizobium infection 
process. (a) An optical section through a root-hair curl induced by Sinorhizobium meliloti (which is 
tagged with GFP) on M. trunculata. Root-hair curling leads to the formation of a closed pocket, which is 
visualized by the absence of the dye propidium iodide inside the pocket of the curl. (b) Infection threads 
growing inside the curled root hair. Within the infection threads, bacteria (which are tagged with GFP) 
are aligned in two or three files. (c) Infection threads (green) growing toward a primordium formed in 
the inner cortex of the root. (Geurtz et al. 2005
8
) 
 
 
Contemporary, the Nod-F promote the mitosis of the root cortex cells where the nodule 
primordium will be generated. In fact, these are the cells that will receive the invading 
bacteria (Fig.41). 
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Fig.41. Images of nodules in Lotus Japonicus (A-F), together with different views of the infected nodule 
at the microscope (G-J). (Radutoiu et al. 2007
10
) 
 
Recently, legume genes that are responsible of the symbiotic responses have  been  
identified. Some of them are required for the specificity of the response to Nod-F 
structures, the NFP (Nod Factor Perceptor) of Medicago Truncatula
13, 16
, NFR1  and  
NFR5  of  Lotus japonicus
17, 18
 (Fig. 44), and SYM10 and SYM2 of Pisum sativum
18, 19
. 
They  encode  a so-called LysM domain  receptor-like  serine/threonine  kinases  
(LysM-RLKs), which are members of the super-family of plant receptor-like kinases
13, 
17, 20, 21
 (RLKs). 
The NFP gene is the only one known until now in Medicago Truncatula that is required 
for all the Nod-F response
16
. It is constituted by an extracellular region of three LysM 
domains (LysM1, LysM2, LysM3) separated by 11 and 16 amino acids linkers, 
containing paired cysteine residues, and a transmembrane RLK domain.  
LysM domains (about 40 aminoacids) have also been identified in bacteria, but only in 
plants it has been found to be associated with an RLK domain
22
. It has been 
demonstrated that it is able to bind peptido-glycans in bacteria
23
 and, recently, it has 
also been proposed that some LysM domains are part of chitinases and can be specific 
for GlcNAc oligosaccharides as in Pteris ryukyuensis. In this case, the ability to bind a 
fragment of chitin was demonstrated by NMR, and a  residue  critical  for  the  binding 
was identified. Moreover, a homology model with a possible binding mode for the 
chitin fragment was proposed
24, 25
. 
 Until now, the 3D structures of only three LysM domains are available (two isolated 
from bacteria, one isolated from humans). Experimentally, only one structure is 
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deposited in the pdb, with code 2DJP). From the modelling perspective, Cullimore et al. 
(2006) presented the homology model of the LysM domains encoded in NFP genes
26
, 
taking as reference the LysM domain called MltD, from bacteria
27
. The alignment of the 
sequences is presented in the figure below (Fig. 42). Although the identities are relative 
low (17% for LysM1, 19% for LysM2, 12% for LysM3) the structure proposed was the 
β α α β architecture, well conserved in the LysM domains from plants. 
 
 
 
 
 
 
 
 
 
 
Fig.42. a) Sequence lignment of the NFP sequences of LysM domains with LysM MltD. b) The homology 
models proposed by Mulder et al.
26
 
In the modelling work, the authors also performed docking studies with the natural 
Nod-F,  which had been previously studied in the free state by our group
28
. According, 
to the docking protocol, a pocket where the oligosaccharide backbone could interact 
was identified (Fig. 43).   
 
 
 
 
 
 
 
 
 
 
Fig.43. Results of the docking simulations of the three LysM domains of NFP with natural Nod-F, as 
proposed by Mulder et al, using the homology model of the lectins
26
.  
 
a
b
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Studies on the Lotus Japonicus nod receptor encoded by the gene NFR5 have 
demonstrated in vivo the importance of the second LysM domain for Nod factor 
binding, together with the importance of a hydrophobic amino acid residue (Fig. 44) at a 
key position.  A homology  model  of  this domain has also been proposed to identify a 
possible binding site
10
.    
The recognition process seems to involve more then one receptor, infact RLKs are 
known to work as dimers, in Lotus Japonicus NFR1 and NFR5 that encode different 
LysM-RLK domain, act at the same level in the signaling cascade
21
. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.44. At the right handside, the proposed mechanism for Lotus Japonicus is depicted, where two 
receptor molecules are involved in the recognition process (Gaugh et al. 2003). At the left handside, the 
homology model of LysM2 domain, proposed by Radutoiu et al (2007), is presented. In this structure, 
residues along a clear cleft with a plausible role in binding are  labeled, along with the  key L118 
residue
10.  
 
For a complete response, several multiple extracellular-domain-containing cell-surface 
receptors are required. In particular, DMI1 and DMI2 genes, which encode for a 
leucine-rich receptor like kinase, and for a channel-like protein, are respectively 
required for the induction of calcium spiking, and for the expression of the genes that 
allow the formation of nodules
29
. In turn, the generation of nodules is also controlled by 
LYK3 genes, which encode for a protein with auto-phosphorilation activity and for 
DMI2
30, 31
. A schematic representation of the possible biological process is presented in 
Fig. 45. 
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Fig.45. Schematic representation of the entire  
symbiotic process in Medicago truncatula  
(Jones et al.
6
) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Several studies of the structural properties of the natural Nod-F have been previously 
carried out in our laboratory
28, 32
, to decipher and to try to understand the three-
dimensional shape of these molecules, which present two distinct parts with completely 
different chemical and physical properties. In one hand, the oligosaccharide backbone 
posses a marked  hydrophilic character. On the other, the lipid chain, which is extremely 
flexible and apolar. 
In particular, it was demonstrated the existence of a solvent-dependent conformation of 
the relative orientation of the lipid and saccharide moieties
28, 32
, which could be related 
to the response to the environment at the receptor surface and that could be externally 
modulated to trigger the biological activity.  
As objective of this part, we aimed at trying to answer a key question in the 
establishment of the legume–rhizobia symbiosis, trying to unravel, at the molecular 
level, how these Nod-F and their analogues are perceived by the plant. First, a set of 
synthetic NOD factors, with different modifications at the lipid chain were obtained in 
the laboratory of Prof. J. M. Beau, at Univ. Paris Sud
33
. They were shown to display 
different biological activities, depending on the chemical nature of the modifications at 
the lipid part. Thus, in this Thesis, as first step to comprehend the molecular recognition 
process, the complete three-dimensional study of this new class of synthetic Nod-F is 
presented, using very high field NMR experiments, assisted by molecular modeling 
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protocols. The present manuscript has been submitted to Organic Biomolecular 
Chemistry. 
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Abstract 
 
Nod factors are lipochitoligosaccharides, originally produced by Rhizobia bacteria, 
involved in the symbiotic process of leguminous plants. Conformational studies of a 
variety of synthetic Nod factors have been performed by combining molecular 
dynamics simulations in explicit water and NMR: the obtained data have revealed that 
the glycosidic head group can assume restricted conformations, whereas chemical 
modifications of the lipid chains, highly flexible in a water environment, influence the 
global shape of the molecules. The synthetic compounds, for which structure properties 
were characterized in this work and compared to the native one, may be promising 
probes for understanding the role of nodulation factors in the symbiotic process and the 
collected structural data can be used for rationalizing  and understanding their biological 
activity and affinity towards a putative receptor. 
 
 
 
 
Introduction 
Nodulation factor signals (Nod factors) are lipochitoligosaccharides synthesized and 
secreted by Rhizobia bacteria that play a fundamental role in the chemical dialogue 
between bacteria and legume plants in the rhizosphere 1. Their production is under the 
control of bacterial genes activated by flavonoids derived from host plants. Active at 
pico-nano molar concentrations, nodulation factors are able to interact with legume 
plant roots and trigger formation of nitrogen fixing nodules necessary to start the 
nitrogen fixation 2-4. The plant’s perception of these signals depends on specific 
receptors like kinases containing LysM domains, but the structural details of the 
interaction are still to be elucidated 5-7. As the symbiosis induces soil fertility, the deep 
understanding of this process could be clearly useful for developing products able to 
promote this process. 
Nodulation factors have a common structure characterized by a backbone of three to 
five N-acetylglucosamine (GlcNAc) residues, bearing an amide-bond fatty acyl chain at 
the non-reducing end, and a variety of additional substituents. The substituents depend 
on the bacterial strain and the structural variations of the basic carbohydrate skeleton, as 
well as the variation on the lipid moiety determine the host specificity in the symbiotic 
process 8. The Nod factors from Sinorhizobium meliloti, the symbiont of Medicago 
plant, consist of a chitotetraose with O-sulfate on the reducing sugar, and O-acetyl and 
C16:2D2,9 fatty acid chain on the terminal non-reducing one. The sulphate is required 
for recognition by Medicago plant cells, while the acetyl and acyl chains are important 
for infection and nodulation9-11. 
The structural role of the lipid chain is still subject of discussions:  it has been 
proposed to be required for for receptor specificity, to play a role in membrane-
anchoring or to help in the formation of micro- aggregates. The use of synthetic nod 
factors and analogs demonstrated that the length and the structure of the acyl chain play 
a role on both the morphogenic activity on legume roots 12 and the affinity towards 
receptor-enriched cell suspensions 13, 14. 
In the absence of crystal structures of natural nodulation factors or their derivates, 
NMR and molecular modeling have to be used to inferred the effect of lipid chain 
modifications on conformation and shape of Nod factors. Natural nodulation factors 
have been studied by a combination of dynamics calculations in implicit water 
combined with NMR experiments 15.The glycosidic backbone of the nodulation factors 
from S. fredii displays a major and stable conformation, with a solvent dependent 
orientation of the fatty acyl chain that can mostly adopt a quasi parallel orientation to 
the oligosaccharide chain. Simulated annealing and NMR studies were also carried out 
on natural nodulation factors from S. meliloti to obtain information about their 
conformational behaviors 16.In this work, the importance of the lipid moieties was 
highlighted and distinct lipid orientations were found, supporting the idea that they can 
contribute to a high degree of ligand specificity to Nod factor receptors. 
We present here the conformational study of Nod factors analogs presenting 
insertion of a benzamide group in the acyl ring at the sugar non reducing end (Figure 1). 
The synthesis of 1 and 2 was previously described and the reported affinities to culture 
cell are in the same range as compound N, a deacetylated analog of the natural Nod 
factor of S. meliloti 13  Additional analogs with different saturation schemes 
(compounds 3 and 4) have also been included in the present study. Molecular dynamic 
(MD) simulations and measurement of nuclear Overhauser enhancements (NOEs) have 
been performed in order to asses the relative orientation of the lipid and tetrasaccharide 
moieties in a uniformly hydrated environment and to explore how chemical 
modifications can influence the shape and behavior of these compounds in solution.  
 
 
 
Materials and Methods 
 
Material 
Compounds 1 and 2 were synthesized as described previously 13. Synthesis of 
compound 3 and 4 were described by J.M. Beau et al. {“Synthetic compounds useful as 
nodulation agents of leguminous plants and preparation processes”, Patents 2004}. 
 
Nomenclature 
A schematic representation of the nodulation factors taking into account in this study 
along with labeling of the heavy atoms is shown in Fig. 1.    
In this study we consider nine main conformational degrees of freedom. Thus, the 
flexibility of the carbohydrate scaffold and the hydroxyl groups is described by the 
following torsion angles:  
 
φ = O5-Cl-O1-C4 ψ = Cl-O1-C4-C5 
 
ω = O5-C5-C6-O6 
 
 
The torsion angle between the carbohydrate scaffold and the lipid chain in the 
nodulation factor analogs is defined by 
 
η = Oa-Ca-C1e-C2e 
 
The orientation of the fatty acid group linked to the carbohydrate scaffold is defined by 
the five torsion angles: 
 α1 = C1e-C2e-O1f-C1f (ortho compound) / C2e-C3e-O1f-C1f (meta compounds) 
 α2 = C2e-O1f-C1f-C2f (ortho compound) / C3e-O1f-C1f-C2f (meta compounds) 
 α3 = O1f-C1f-C2f-C3f 
 α4 = C1f-C2f-C3f-C4f 
 α5 = C2f-C3f-C4f-C5f 
The behaviour of the acyl chain of the native compound was described taking into 
account the following torsion angles: 
 α1 = C1f-C2f-C3f-C4f  
 α2 = C2f-C3f-C4f-C5f 
 α3 = C3f-C4f-C5f-C6f 
 α4 = C4f-C5f-C6f-C7f 
 α5 = C5f-C6f-C7f-C8f 
 
NMR spectroscopy 
 
For NMR measurements, ~1 mg of each compound was dissolved in 1 ml of D2O. 
Compounds were recovered and dissolved again in 1 ml of H2O/D2O 15% for the 
spectra in water solution. In both cases, the concentrations were between 1-2 mM. 
1H NMR NOESY and TOCSY spectra were obtained using the standard pulse 
sequences with watergate for experiments in H2O/D2O and presaturation for 
experiments in D2O provided by manufacturer at two different spectrometers: BRUKER 
NMR spectrometer operating at frequency of 800 MHz (spectra in D2O of molecules 1, 
2, 4) and VARIAN NMR spectrometer operating at the frequency of 900 MHz (spectra 
in H2O/D2O 15% of compounds 1, 2, 3). Spectra were collected with mixing times 
between 60 and 300 ms at the temperatures ranging from 278-288 K. For DOSY 
experiments, all samples were prepared in D2O. The standard BRUKER DOSY protocol 
was used at 298 K on an AVANCE 500 MHz equipped with a broad-band z-gradient 
probe{Groves, 2005 #12}.Thirty-two 1D 1H spectra were collected with a gradient 
duration of  = 2 ms and an echo delay of  = 100 ms. Acquisition times of 8-15 mins 
(8-16 scans) were required for the samples. The ledbpg2s pulse sequence, with 
stimulated echo, longitudinal eddy current compensation, bipolar gradient pulses and 
two spoil gradients, was run with a linear gradient (53.5 G cm-1) stepped between 2% 
and 95%. The 1D 1H spectra were processed and automatically baseline corrected. The 
diffusion dimension, zero-filled to 1k, was exponentially fitted according to preset 
windows for the diffusion dimension (-8.5 < logD < -10.0). 
 
Molecular dynamics protocol 
 
Initial models building 
Nodulation factors starting structures were built usyng Sybyl 7.3 (Tripos Associates, St. 
Louis, MO). The lowest energy conformations of each glycosidic linkage were selected 
from available adiabatic maps of β-D-GlcpNAc(1,4)β-D-GlcpNAc 
(http://www.cermav.cnrs.fr/glyco3d/). The acyl chains were built in extended 
conformation. For the linkage between the carbonyl and benzene group (η) of 
compounds 1 to 4, two different starting conformations were considered, syn and anti.  
Compound 1 was only built in the anti conformation, due to the obtained evidences 
form NMR experiments.  
For the glycosidic moiety, which is identical in all compounds, the parameters  from 
GLYCAM06 force field 17 were assigned, while the acyl chains were described using 
parameters adopted from Wang et al 18.  For charge calculations, the carbohydrate 
moiety and the lipid one were separated in two parts. A methyl group was used as cap 
for the sugar, whereas the ACE (CH3CO) group was used as cap for the lipid chains in 
order to mimic the conjugate system present at the linkage with the sugar scaffold. 
Charges were calculated using the RED server19. This tool allows or the automatic 
calculation of the electrostatics properties consistent with the different force fields 
applied.  The charge for each glycosidic unit was set to -1 for the presence of the 
sulphate group, whereas the lipid portion was set as neutral.  The carbohydrate and lipid 
portions were then  merged together. A new topology input file was created for each 
system, in which electrostatic and van der Waals scaling factors (SCEE and SCNB) 
were set to the unity for the sugar scaffold (Glycam force field) and to 1.2 /2 for the 
lipid portion (Amber force field). 
 
MD experimental details 
Each compound was placed in a 10 Å depth truncated octahedral box of explicit TIP3P 
waters and sodium ions were added in order to neutralize the systems. Equilibration and 
production phases were carried out by PMED module implemented in Amber 10 
(University of California). The equilibration phase consisted on energy minimization of 
the solvent to remove the initial bad geometries, followed by an energy minimization of 
the entire system without restraints. The system was then heated up from 10K to 288 K 
during 100 ps MDs with weak restraints on the solute followed by 100 ps dynamics at 
constant temperature and constant pressure of 1 atm. The MDs production phase lasted 
10 ns under constant pressure of 1 atm and constant temperature of 288 K, according to 
NMR experiments, controlled by the Langevin thermostat with a collision frequency of 
1.0 ps-1. During the simulations, the SHAKE algorithm was turned on and applied to all 
hydrogen atoms 20. A cut-off of 10 Å for all non bonded interactions was adopted. An 
integration time step of 2 fs was employed and periodic boundaries conditions were 
applied throughout. During all simulations, the particle mesh Ewald (PME) method was 
used to compute long range electrostatic interactions 21.  
The analyses of the simulations were performed using the Ptraj module of AMBER10 
(University of California). The visualization of the trajectories was performed using 
VMD software 22. Data were processed and plotted using R software. Figures were 
prepared using PyMOL Molecular Graphics System (Scientific, Palo Alto, CA).  
 
 
Results  
 
Molecular dynamics simulations 
 
10 ns MDs simulations in an explicit water environment were performed for each 
compound described in Fig.1, taking into account the different conformers in solution 
around the angle η. 
Details about the simulations are reported in Table 3S. 
 
Analysis of the carbohydrate moiety 
 
The conformational behavior of the tetrasaccharide moiety has been analyzed during the 
trajectories of all compounds. All the pyranose rings maintained their 4C1 conformation 
along the simulations. It was also checked that the amido group at position 2 of all 
monosaccharides maintained a stable conformation with H-C2-N2-H torsion close to 
180° and a trans orientation of the NH-CO bond. The hydroxymethyl group is more 
flexible, with frequent transition for the ω torsion. The gauche-gauche (ω =-60°) and 
gauche-trans (ω =60°) rotamers are observed during most of the simulation time, in 
agreement with stable conformation for gluco configuration23. Only the GlcNAc 
reducing unit has a tendency to adopt mainly the gg orientation. The gt/tg/gg ratio for 
all the compounds is reported in Table 1S. 
 
The scaffold shape is analyzed by monitoring the values of the Φ and Ψ conformations 
at each glycosidic linkage. The trajectories are superimposed on the adiabatic map of 
the parent disaccharide β-D-GlcpNAc(1,4)β-D-GlcpNAc (Fig.2 and Fig1S). The 
conformations of all compounds mainly cluster in the lower energy conformation region 
(≈ 95% occupancy) corresponding to the minimum of the adiabatic map, with the 
exception of minor torsion angle populations that occupy close areas. Even in the 
absence of transitions to remote low energy conformations, local flexibility is observed 
with variations of up to 100° in Ψ. The average glycosidic torsion angles for each 
compound can be found in Table 1.  The average angle values were similar in each 
compound and the Φ and Ψ torsions of the glycosidic scaffold appear to be very stable 
around the main minima ≈ -80°/-130°; significant differences arose only in minor 
populations. For instance, the glycosidic linkage B of the compound 1 populates a 
region of space characterized by Φ and Ψ torsion angles of ≈ 100/-130 for 1% of the 
MD simulation, but the same conformation was not populated in the simulation of the 
compounds meta substituted.   
The hydrogen bonds between adjacent residues were also analyzed. The 
occupancy of the potential hydrogen bonds along the simulations is reported and listed 
in Table 2.  Strong polar contacts between the acceptor oxygen O5 of each GlcNAc 
residue and the donor hydroxyl group in position 3 of the successive residues can be 
established along the simulations (occupancy ≈ 90%).  These strong interactions 
contribute to the stability of the sugar moiety in solution and explain the restricted 
variation of Φ and Ψ angles along the simulations. The sulfate group at the reducing end 
of the carbohydrate moiety does not establish contact with the rest of the 
oligosaccharide.  
 
Conformational analysis: molecular dynamics studies on the lipid chain  
 
Analysis of torsion angles. The flexibility of the different lipid chains was analyzed by 
monitoring the torsion angles in the portion adjacent to the carbohydrate and looking for 
contacts between the carbohydrate and the acyl chain.  The torsion angles analyzed are 
the five one adjacent to the benzyl group (or equivalent ones for compound N), since 
those between the carbohydrate and the benzyl ring do not display flexibility. Possible 
values for each torsion angle were plotted in histograms (Figure 3-2S), where density 
peaks reveal the most frequent dihedral values in all the simulations.  
 
For the lipid chain of the native nod factor N, the planar torsion angle adjacent to the 
carbohydrate is followed by the dihedral α1, whose histogram contains a spread torsion 
distribution mainly around -97◦; α2 angles values are mostly distributed around two 
peaks centered on 68◦ and 178◦ whereas α3, α4 and a5 present three different peaks 
around 65◦, 180◦ and -70◦. However, in the five most populated families indentified, 
they mostly assume orthogonal features promoting a parallel behavior respect to the 
carbohydrate scaffold. 
The compound 1 that is ortho substituted appears to be more rigid than the other nod 
factor analogs. The torsion angle α1 is rather flexible and can assume values between 
120◦ to -120◦.  The torsion angle α 2 is much more rigid with values close to 180◦. The 
torsion angles α1 and α2 strongly influence the three dimensional shape of the 
compound 1. This behavior is mostly due to the stable hydrogen bond that the oxygen 
of the acyl chain  establishes with the nitrogen of the benzamide group. The torsions α3, 
α4 and α5 result more flexible: main density peaks were found though the histograms 
analysis, around 65◦/178◦/-65◦, 73◦/178◦ and 93◦/-108◦ respectively.  
 
In the compounds with a meta substitution, differing in terms of insaturation at the 
position 4 of the acyl chain (Fig. 1), the rotamers at α1 are different. The anti conformer 
of the compound 2 (angle η = 180◦) presents distinct distribution of the torsion angle α1 
around 180◦ with less populated geometries around 5◦.  The syn form of the same 
compound (angle η = 0◦) presents distribution of the torsion angle α1 around 125◦ and 
less values around 45◦.  Compound  3, with a single bond on the acyl chain, presents 
more degrees of variability around α1 respect to those structures previously described. 
Angles α2, α3 and α4 present mostly flexible behavior, with a general preference for the 
staggered conformation. The conformational behavior of torsion angle 5 depends on 
the nature (single, double or triple bond) of the adjacent linkage. The variation of 
flexibility of this torsion angle affects only the possible shape of the extremity of the 
lipid. 
 
Family clustering.  A clustering in families has been applied to 10000 snapshots from 
each MDs simulation in order to visualize and extract the general tendencies. A 
particular snapshot from the MDs simulation is associated to a family, only if the five 
dihedral angles differ to the corresponding density peak by less than 2* σ degrees. The 
characteristics of the five most populated families are listed in Table 3 and 2S. The low 
population of each family, reported in percentage, reflects the high flexibility of the acyl 
chains: several snapshots have not been classified because of the narrow range that 
characterizes each class. The most representative structures from each family were 
superimposed and displayed in Figure 4. 
The five representative families of the native nod factor N have a common α1 angle 
value according to the main peak of the histogram previously described (-98◦). Whereas 
the angle α2 has values around 68◦ in the three most populated families, and 178◦ in the 
other ones, the angle α3 shows common orthogonal features. Only the most populated 
family (12.8%) presents α4 values around 63◦; in the other cases, this angle is around 
180◦. α5 presents angle values around 63◦ for the families 1 and 3, 178◦ for the families 
2 and 4, and -73◦ for the family 5.  
The ortho compound 1 shows two distinct values for the angle α1, around 158◦ in the 
most populated families, and -128◦.  The orthogonal features of the α2 reflect the 
relative rigidity of this compound, due to the hydrogen bonds between the lateral chain 
and the carbohydrate scaffold. The angle α3 oscillates between -65◦ (families 1, 4, 5) 
and 65◦ (families 2 and 3).  The α4 dihedral results planar with an exception for the 
family 1, in which this angle takes values around 73◦ while the dihedral α5 mainly 
shows values around -108◦ (families 1,2,4),  93◦ (family 3) and 158◦ (family 5).  
The most populated family of compound 2 is the syn (7.7%), which presents values of 
α1 and α2 around -60◦ and -68, respectively. Structures of this family also have α3 
angles around 178◦ (the same behavior has been found for families 2, 4, and 5) and α4 
angles around -63◦. The dihedral angle α5 shows values around -98◦, like those 
structures belonging to families 4 and 5. The anti conformer of the synthetic nod factor 
2 shows a major populated family (14.9%), with α1 angle around -165◦. The angle α2 is 
planar, as reported for most of the families, while angle α3 assumes values around -68◦, 
like for families 3 and 4.  The dihedral angle value α4 oscillates around -68◦ whereas 
the angle α5 assumes values around 108◦. In the less populated families, α4 and α5 
dihedral values are around 178◦/68◦ and -103◦ respectively. 
Compound 3 (syn) presents two main families populated for 11.9 % and 10.1% of the 
time. These families share common geometrical features. In particular, angles α1, α4 
and α5 assume values around 145◦, 178◦ and -178◦ respectively. α2 assumes values 
around -68◦ (family 1) and 178◦ (family 2), whereas α3 assumes values  around -65◦ 
(family 1) and 65◦ (family 2). In contrast compound 3 (anti) shows a 17.5% of the 
structures clustered in family 1, with angles α1 distributed around 135◦, α2 and α3 
around 63◦, α4 around -115◦ and α5 around -145◦.  
The families for the meta substituted analogue 4 were classified taking into account the 
four dihedrals α1, α2, α3, α4 because the angle α5 does not show peaks corresponding 
to a particular dihedral value in the histogram. The syn conformation presents a main 
family (27.7%) with α1 around 125◦. Snapshots belonging to this family have dihedrals 
α2 around -103◦, α3 around -63◦ and α4 around -175◦.  This family mainly differs from 
the others around the angle α2 (173◦/-63◦) and α3 (178◦). The angle α4 oscillates 
between -65◦ and -175◦. The anti conformation of the compound 4 presents more 
flexibility in water, reflected to the poor % of conformers that characterize each family.  
The dihedral α1 takes values around -175◦, except for te family 3 (5◦), and α2 around -
178◦, except again for family 3 (65◦). Angles α3 and α4 assume different values around 
-68◦ (families 1, 2, 3), 63◦ (family 4) and -178◦ (family 5). 
 
Global shape.  In order to rationalize the different sizes that these molecules can adopt 
in solution, the average radius of gyration was calculated over 10 ns for each molecule. 
Structural information about the syn and anti conformations of the meta substituted 
compounds were gathered together, since both of the two possible conformations do 
exist in solution, as deduced by the NMR experiments. 
The smallest radius of gyration was obtained for compound 1, with a value of 7.3 +/- 
0.4 Å. This number reflects the restricted shape that this molecule can assume along the 
simulation, compared to the rest of the molecules. The nod factor analogs which are 
meta substituted have radius of gyration between 7.5 and 7.8. Å. The largest values are 
obtained for compounds 2 and 4, since the presence of an unsaturated bond in the acyl 
chain result in an elongated form (7.8+/- 0.8 and 7.7 +/- 0.8 Å). Compound 3 and the 
native nod factor N have intermediate radius of gyrations of 7.5 +/- 0.8 and 7.6 +/- 0.8 
Å, respectively.  
The distance between the sulfate group at the carbohydrate reducing end and the 
extremity of the acyl chains was also evaluated. As expected, the smallest C-S distance 
was again obtained for the ortho substituted compound 1 (12.0 +/-5.1 Å), followed by 
the meta substitute compound 3 and the native molecule N, with distances of 12.9 +/-5.4 
Å and 14.6 +/-4.8 Å, respectively. According to the information obtained though the 
evaluation of the radius of gyration (Table 4S), these compounds occupy a more limited 
space in a water environment, in which lipid moieties show preferred conformations 
close to the saccharidic portion along the simulations.  For 2 and 4, in which the lipid 
chains assume an axial position respect to the sugar scaffold for a significant amount of 
time, an increased C-S distance of 14.6 +/- 5.6 Å and 15.3 +/- 5.2 Å, respectively, was 
calculated. This behavior is probably due to the orthogonal features that the dihedral 
angles α1-3 of these compounds pose along the simulations. 
 
Inter-residue contacts.  In order to correlate the MD simulations with the parameters 
extracted from the NMR experiments, inter-residual distances were measured for the 
carbon-linked proton and the corresponding short distances were analyzed.  
For the chitotetraose moiety, only distances between the anomeric proton and the H3, 
H4, H5a, H6a and H6b across the glycosidic linkages displayed values smaller than 4 Å. 
No significant differences could be observed between compounds and only the data 
corresponding to compound 1 are listed in Table 4.  
Additionally, short contacts between the proton of the benzyl group and the non 
reducing end of the sugar scaffold are observed for those compounds which are meta-
substituted 2-4.   
In particular, for the syn conformers, hydrogen atom H2-E could make contacts with 
hydrogens H3-A (4.1 Å), H1-A (4.1 Å), HO6-B (4.4 Å), H6a-B (3.7 Å) and H6b-B (4.0 
Å). For the compounds anti, the hydrogen atom H6-E is involved in contacts with the 
same atoms listed in the previous case, with analogous average distances. 
Regarding the contacts between the acyl chain and the carbohydrate moiety, 
measurement of inter-proton distances along the simulations revealed possible 
geometries in which the lipid chains could assume relatively close positions with 
respect to the sugar scaffold for a brief period of time. However, the average inter-
proton distances from the different MD simulations indicate that the native compound 
and the ortho substituted molecule are the only two molecules that establish relatively 
stable van der Waals contacts between sugar and lipid scaffolds along the simulations. 
Concerning the native compound N, the hydrogen atoms H1-F and H2-F from the lipid 
chain can establish fairly stable contacts (< 4.5 Å) with the hydrogen atoms H6a-B and 
H6b-B of the carbohydrate moiety. The ortho substituted molecule 1 presents contacts 
between the hydrogen atoms HC2-f /HC3-f from the lipid chain and the hydrogen atoms 
HC3-a from the sugar scaffold (Table 4).    
Comparison between the NMR and the MD data 
 
To complete the structural characterization of the nodulation factor analogs, 
comparisons with NMR experimental data were performed when possible.  
First, the aggregation state of the nodulation factor analogues was studied. The 
amphypatic character of these molecules, due to the presence of the hydrophobic chains, 
could confer non-monomer states to these compounds. 
By means of Diffusional Order Spectroscopy (DOSY) it was possible to confirm that at 
concentration between 0.1 and 1 mM, the molecules did not show any observable 
aggregation. Thus, the experimental data were unambiguously correlated with 
monomeric species, which are those expected at the very low physiologically active 
concentrations. 
For all these molecules (1-4), the NMR assignments were accomplished through 
NOESY and TOCSY experiments, either in D2O and in H2O/D2O. The concentration of 
monomeric species (~1mM) was sufficient to obtain a significant number of 
assignments. Nevertheless, the severe signal overlapping characteristic of 
oligosaccharidic structures precluded a complete assignment of all the pyranose rings 
hydrogen resonances. A similar situation occurred in the lipid proton region. However, 
there was a clear distinction between signals arising from the anomeric protons (H-1), 
for the H2-H6 sequence (3.2-5.1 ppm), for the lipid moiety (0.5-1.5 and 2.15-2.3 ppm) 
and the aromatic region (6.7-7.6 ppm) (Tables 3 and 4). The amide region (8-8.7ppm) 
was also analyzed using experiments in H2O. The NOESY and TOCSY spectra in 
H2O/D2O contained information on the contacts between the anomeric proton H1 of 
each residue and the H4 (although with overlapping) and H6 protons of the following 
residues. When these contacts do exist at the same time, they can be safely correlated 
with allowed exo-anomeric conformations in which the glycosidic torsion angles 
assume values of Φ/ ψ around -80/-130. Indeed, in all compounds, these cross peaks 
were found in the NOESY spectra, corresponding to the major orientations found in the 
MD simulations (Fig. 7). 
During the 10 ns simulations, the 4C1 chair conformation of each glycosidic residue 
remained stable. This evidence was confirmed by the proton-proton averaged distances 
listed in Table 3 and 4 for compounds 1 and 4. The calculated distances can be also 
directly correlated to the intra residual NOE cross peaks (Fig. 7).  
The anti-conformation of the amide torsion angles of the sugar residues predicted in the 
MDs simulations was confirmed by the measurement of the coupling constants J1-3 
between each amide proton and the proton H2 of the sugar residues, displaying values > 
8 Hz in NMR spectra, typical for  anti-type torsional angles. 
Concerning the torsion angle η that defines the conformation and planarity of the 
linkage with the aromatic moiety, the NMR data revealed the presence of two different 
geometries, anti and eclipsed, inter-convertible in solution, corresponding to two 
orientations around this dihedral angle. In fact, the NOESY experiments for the meta-
substituted structures showed two mutually exclusive NOE contacts between the amide 
proton and the aromatic protons (Fig. 5A). Thus, this experimental evidence confirmed 
the existence of two main stable conformations.  
In contrast, for the ortho-substituted compound 1, one unique NOE contact between the 
amide proton and the aromatic one was found (Fig. 5B). This evidence indicates the 
presence of only one possible value for the planar torsion angle and, therefore, of only 
one stable conformation in solution. This information was taken into account in the 
MDs simulations: only one conformer for compound 1 was considered.  
The 10 ns MDs simulations revealed possible, although short timing, interactions 
between sugar scaffold and the lipid moieties. Unfortunately the strong overlapping 
observed in the NOE spectra did not allow the non ambiguous NOE assignments of 
possible sugar-lipid interactions that, in any case, cannot be excluded.  
Nevertheless, for the ortho-substituted compound, it was possible to assign two NOE 
contacts between protons belonging to the lipid chain and the non-reducing end of the 
tetrasaccharide (Fig. 6), confirming the short average inter proton contacts derived from 
the MD simulation of 1 (Table 4). 
 
Conclusions 
Natural and synthetic nodulation factors are fairly flexible molecules, which may adopt 
a variety of shapes in water solution. Still, their average three dimensional structures of 
synthetic nodulation factors can be characterized using a combination of experimental 
NMR and MD simulation data. The results of these studies indicate that chemical 
modifications influence the spatial disposition of the lipid chain and the shape that they 
can assume, while the carbohydrate portion displays a relatively stable dynamic 
behaviour. The lipid moieties have a considerable degree of freedom and can assume 
rather different orientations in equilibrium. The classification of the acyl chain 
conformations in solution gives information about the preferential disposition of these 
molecules in the space, influenced by an explicit water environment. Still, different 
shapes and dynamics are accessible to the natural and synthetic molecules, depending 
on the chemical nature of the substitution, the aromatic ring, and the character of the 
insaturation of the lipid chain. Thus, different biological activities have been reported 
for the different analogues. 
The data herein reported support the idea that the carbohydrate portion plays a key role 
in the nod perception mechanism, while the lipid moiety modulates ligand specificity to 
nodulation factor receptors. From the results of the MD simulation of nod factors 
analogs and the respective native compound, an incoming protein receptor would 
initially be expected to recognize the carbohydrate scaffold. The high flexibility of the 
acyl moieties could play an important role in modulating the recognition process and the 
biological response, decreasing accessible portions of the oligosaccharide to the binding 
site. The different behavior of the lipid moieties elucidated in this study could explain 
and support the different biological activity of these compounds. 
The receptor binding site, probably located on extracellular domains of plant kinases, 
can clearly influence the preferred conformation of these molecules. However, in 
absence of structural data concerning the receptor, these structural studies might be 
useful for explaining the different biological activity of these molecules. 
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 Table 1 – Average glycosidic torsion angle values calculated from 50000 snapshots of 
each trajectory. Standard deviations are reported in brackets. 
 
Compound φ1 ψ1 φ2 ψ2 φ3 ψ3 
N -79.1 (10.0) -128.1 (15.6) -78.6 (10.8) -130.5 (15.6) -79.1 (9.6) -129.1 (12.9) 
1 -79.4 (10.9) -133.1 (16.2) -78.6 (12.3) -131.4 (14.9) -79.1 (10.0) -129.7 (13.8) 
2syn -84.0 (11.2) -138.8 (14.5) -79.7 (10.1) -132.4 (16.0) -78.5 (9.8) -128.5 (13.6) 
2anti -79.5 (11.2) -129.3 (15.4) -78.3 (10.4) -130.8 (15.4) -79.3 (9.6) -129.6 (14.0) 
3syn -80.7( 10.3) -132.2 (14.6) -79.5 (10.0) -133.6 (14.4) -78.6 (9.4) -129.0 (13.0) 
3anti -81.3 (9.7) -135.5(13.4) -78.4 (9.9) 132.0 (13.5) -77.7 (9.5) -128.6 (13.2) 
4syn -80.4 (10.2) -131.3 (16.1) -79.0 (10.1) -132.1 (15.4) -79.2 (9.7) -129.3 (13.6) 
4anti -81.6 (12.3) -134.2 (16.0) -79.1 (10.0) -131.9 (15.1) -78.8 (10.4) -129.6 (13.4) 
 
 
 
 
Table 2 - Inter residual hydrogen bonds data with an occupancy > 20%, distance <3.5 Å 
and angle cutoff of 120° collected along the MDs simulations. The occupancy is defined 
as the percent over the whole trajectory in which both the distance and the angle criteria 
are satisfied.  
 
Inter hydrogen bonds  Occupancy (%) 
Acceptor Donor  N 1 2syn 2anti 3syn 3anti 4syn 4anti 
O5.A HO3.B O3.B  80.7 86.6 91.4 82.5 85.7 91.5 83.1 86.7 
O5.B HO3.C O3.C  84.4 86.6 83.5 83.2 87.6 88.8 89.0 85.6 
O5.C HO2.D O2.D  79.7 91.4 78.9 79.4 80.9 82.7 78.3 81.7 
O1.E HN.A N2.A   98.9       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3 - Geometrical features of the five most visited conformations (families) of the 
native (N) and synthetic nod factors 1 and 4 along the 10 ns of MDs simulation. The 
families were classified according to the lipid flexibility. Letter code for the dihedral 
angles is written according to the Nomenclature section. The population of conformers 
is reported in percentages (%). 
 
 
 α1 α2 α3 α4 α5 P% 
N       
Fam1 -98 68 178 63 63 12.8 
Fam2 -98 68 178 178 -178 8.4 
Fam3 -98 68 178 178 63 4.6 
Fam4 -98 178 178 178 -178 4.2 
Fam5 -98 178 178 178 -73 3.4 
1       
Fam1 158 178 -65 73 -108 13.3 
Fam2 158 178 65 178 -108 13.2 
Fam3 -128 178 65 178 93 11.6 
Fam4 -128 178 -65 178 -108 8.9 
Fam5 -128 178 65 178 158 6.4 
4syn       
Fam1 125 -103 -63 -175  27.7 
Fam2 45 173 -63 -65  11.9 
Fam3 45 173 178 65  9.3 
Fam4 125 173 178 -65  6.6 
Fam5 125 -63 178 -175  5.4 
4anti       
Fam1 -175 -178 -178 -68  6.0 
Fam2 -175 -178 -68 -68  5.7 
Fam3 5 -178 -178 -68  4.9 
Fam4 -175 -178 -178 63  4.5 
Fam5 -175 65.0 63 -178  4.2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4 – Relevant average proton-proton inter/intra residue distances from the MDs 
simulations in comparison with the NOE observed in the NMR spectra (strong –S- 
medium –M-, weak – W). Distances derived from the simulation of 1-4, here reported, 
are representative for all the simulations. NOES are also representative for all 
compounds. Standard deviations are reported in brackets. 
 
Intra proton-proton distances Inter proton-proton distances 
 Distances (Å) NOE intensity  Distances (Å) NOE intensity 
H1.A-H3.A 2.7 (0.2) MS H1.A-H4.B 2.3 (0.2) S 
H1.A-H5.A 2.6 (0.2) MS H1.A-H6.Ba 3.5 (0.5) W 
H1.B-H3.B 2.7 (0.2) MS H1.A-H6.Bb 3.6 (0.9) W 
H1.B-H5.B 2.6 (0.2) MS    H1.B-H4.C 2.3 (0.2) S 
H1.C-H3.C 2.7 (0.2) MS H1.B-H6.Ca 3.4 (0.6) W 
H1.C-H5.C 2.6 (0.2) MS H1.B-H6.Cb 3.8 (0.9) W 
H1.D-H3.D 2.7 (0.2) MS H1.C-H4.D 2.3 (0.2) S 
H1.D-H5.D 2.6 (0.2)           MS H1.C-H6.Da 4.4 (0.7) W 
H1.D-H3.D 2.7 (0.2) MS H1.C-H6.Db 3.5 (0.5) W 
H1.D-H5.D 2.6 (0.2)           MS H3.A-H2.F* 4.0 (1.1) W 
   H3.A-H3.F* 4.0 (1.1) W 
*Specific for 1     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5 – 1H NMR data (δ ppm) for 1.  
 
 
 
 
 δH1 δH2 δH3 δH4 δH5 δH6a-b δNH* CH3    
D 4,92 3,63 3,80 3,43 3,92 3,89 7,95 1,75    
C 4,33 3,50 3,41 3,33 3.28 3,57-3,38 7,93 1,78    
B 4,28 3,48 3,48 3,38 3.21 3,68-3,52 8,21 1,78    
A 4,45 3,72 3,45 3,26 3,45 3,4-3,25 8,50     
E / 6,94 7,31 6,86 7,56 /      
 H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 
F 
3.96/ 
3.93 
1.73/ 
1.63 
2.09/ 
1.99 
5,22 5.30 1.74 1,002 0,92 0,88 0,84 0,55 
 
*chemical shift measured at 900MHz 288K 
 
 
Table 6 – 1H NMR data (δ ppm) for 4. 
 
 
          
 
 
 
 
         
 
 δH1 δH2 δH3 δH4 δH5 δH6 δNH* CH3    
D 4.92 3.62 3.80 3.43 3.91 3.89 7.81 1.81    
C 4.33 3.50 3.40 3.35 3.29 3.57 7.93 1.75    
B 4.28 3.47 3.50 3.41 3.20  8.26 1.79    
A 4.47 3.74 3.50 3.28 3.48 3.68 8.63     
E / 7.19 / 7.04 7.28 7.26      
 H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 
F 4.04/3.88 2.23 1.77 /  1.89 1.14 1.03 0.92 0.92 0.55 
*chemical shift measured at 900MHz, 288K 
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Table 7 – 1H NMR data (δ ppm) for compound 3. 
 
 
 
 
Table 8 – 1H NMR data (δ ppm) for compound 2. 
 
 δH1 δH2 δH3 δH4 δH5 δH6 δNH CH3    
D 4,9 3,60 3,81 3,44  3,88      
C 4.27 3.48 3,27 3.37 3.27 3.59 / 1.80    
B 4.23 3.47 3.47 3.41 3.24 /      
A 4.43 3.73 3.51 3.29 3.51 4.43      
E / 7.08 / 7.13 6.95 7.18      
 H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 
F 4,04/4,02 2,02 1,60 5,34 5,43 1,72 0,90 0,86 0,81 0,77 0,54 
 
 δH1 δH2 δH3 δH4 δH5 δH6 δNH* CH3    
D 4.95 3.63 3.84 3.43 / / 8.01 1.81    
C 4.38 3.50 3.40 / / / 8.26 1.83    
B 4.37 3.53 3.48 3.41 / / 8.28 1.83    
A / 3.76 / / / / 8.64     
E / 7,16 / 7,02 7,27 7,2      
 H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 
F 3,93/3,96 1,58/1,2 1,14 1,05 1,05 1,05 1,05 1,05 1,0 0,6 0,6 
Fig. 1 – Structures of the native (N) and synthetic Nod Factors (1-4) taken into account 
in this study including labelling of the heavy atoms and torsion angle definitions on the 
acyl chain. 
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Figure 2 – Trajectories of the glycosidic torsion angles φ (x axis) and ψ (y axis) for the 
Nod Factor tetrasaccharide scaffold. Results for the compounds N, 1, 4 (syn/anti) during 
10 ns dynamics simulations were superimposed on the MM3 adiabatic maps of β-D-
GlcpNAc(1,4)β-D-GlcpNAc. The glycosidic torsions angles are labelled according to 
Figure 1. 
 
 
N 
                        1 2 3 
1 
                       1 2 3 
4 syn 
                       1 2 3 
4 anti 
                        1 2 3 
 
95.9% 96.3% 97.3% 
96.8% 97.6% 97.3% 
94.6% 97.2% 97.6% 
97.2% 97.3% 97.7% 
 Figure 3 – Histograms of the dihedral values distribution that characterize the nod 
factors lipid moieties of the molecules N, 1, 4 (syn/anti).  
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Figure 4.– Superimposed representative snapshots from the five most populated 
conformational families of each compound (Fam1= red, Fam2= green, Fam3= blue, 
Fam4= yellow, Fam5=purple) 
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Figure 5- Two mutually exclusive NOE contacts between the NH and the aromatic 
protons show two distinct stable conformations for 2 (same NOE contacts were found 
for 3, 4). In figure 3B, one exclusive NOE contact between the NH and one aromatic 
proton permits to deduce the existence of only one stable conformation for 1. 
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H1(NR)-H4(2) 
H1(2)-H6(2) 
Figure 6 – 2 D NOESY, D2O, 288K, 800 MHz, (1-4 ppm). Lipid-tetrasaccharide 
contacts at a concentration of 1~mM for 1  
 
 
 
 
 
Figure 7 – 2D NOESY, D2O, 288K, 800 MHz, (2.9-4.5 ppm). NOE contacts between 
the anomeric proton H1 of each residue and the H4, H6 protons of the following 
residues of the NF tetrasaccharide scaffold for 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
H1(2)-H4(3) 
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3.3 Human Galectins and Molecular Recognition   
3.3.1 Introduction  
Galectins have numerous biological roles1-4. They seem to control cell-cell and cell-matrix 
interactions, adhesion, proliferation, and are probably related to apoptosis. There are evidences that 
galectins are also involved in some immune responses against pathogens, some steps of tumour 
progressions, metastasis formation, and tumour-induced angiogenesis. In this context, they can also 
be involved in inflammatory process.  
Galectins are soluble molecules found in the outer environment, on the cell surface in dimeric form 
or in the cytoplasm and in nucleus. The carbohydrate recognition domains (CRD) are formed by 
around 130 amino acids and it is arrange in a tightly folded structure. Their affinity towards a 
particular ligand, always a galactose-containing saccharide, can be different depending on the origin 
of the galectin. For instance, human galectin-1 and bovine galectin-1 have different affinity for the 
same ligand1-4. 
 
 
 
 
 
 
 
 
 
 
Fig.46 Schematic view of the different types of Galectins which are present in nature 
 
Galectins can exist in different types. In the prototypes, there are at least one CRD. They can be 
monomers, as galectin-5 and -10, or dimers, as galectin-1, -2, -11, -13, and -14. Some galectins are 
called tandem-repeat, since they have two homologous domains linked by a polypeptide chain. For 
instance, galectin-4, -6, -8, -9, and -12 belong to this class. The only exception is galectin-3, which 
is defined as chimeric. In fact, it has a CRD and a nonlectin N- or C-terminal domain, which is 
important for oligomerization (Fig. 46). 
(CRD) 
(*)Oligomerized Gal-3 is considered monovalent because it 
oligomerizes binding the ligand 
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The general secondary structure of the CRD domain is usually constituted by two anti-parallel  β-
sheets  of  five  (β1-β5)  and  six  (β6-β11)  β -strands,  arranged  in  a β-sheet sandwich motif, with 
no helical segments1 (Fig. 47). 
 
 
 
 
 
 
 
 
 
 
Fig.47. The X-ray structure of human galectin-1, as deposited in the pdb, with code 1gzw
1
.  
 
As depicted above, they usually form dimers, and in some case higher oligomeric states. It is fairly 
interesting to prove that the fold of the monomer of all galectins shows a similar secondary structure 
among all of them. On the other hand, the dimers can be rather different. For example, in galectin-1, 
a “terminal” dimer  is  formed  through  hydrophobic interactions between the N- and C-terminal 
residues of the two monomer subunits, whereas for galectin-2, a “non-symmetric sandwich” 
structure takes place. In this case, the dimer is stabilized by electrostatic interactions between the 
charged residues situated at the interface along the two subunits (Fig. 48). There are also 
“symmetric sandwiches”, as in galectin-7, in which the inter-subunit contact surface is strongly 
reduced, as compared to that of the non-symmetric dimer1. 
 
 
 
 
 
 
 
Fig.48. Different types of dimeric structure of galectins are: “Terminal” from 1gzw pdb; “Non Simmetric Sandwich” 
from 1ul9, “Simmetric Sandwich” from 1bkz.  
 
Terminal Non  Symmetric Sandwich     Symmetric Sandwich   
C-Term 
N-Term 
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 The carbohydrate-binding site of galectins (CRD) is located at the opposite side with respect to the 
dimer interface, and the amino acids that form the cavity (binding pocket) are in the six (β6-β11) β-
strands. The amino acids that interact, mainly with β–galactosides, are highly conserved among all 
the lectins. 
Given the importance of galectins in Nature, it seems obvious that the study of its structure-function 
relationship, employing natural and synthetic ligands (glycomimetics) is of paramount importance 
to unravel to fine details and factors that are responsible for their biological functions.  
For example, we can speculate with the hypothesis that its self-association ability is related to 
functional differentiation, since monomer folds are essentially identical among all galectin CRDs. 
Nonetheless, the extracellular functions of galectins usually happen due to their binding to cross-
linking glycan groups of glycoproteins and glycolipids at the surface of various cell types (Fig.49)1, 
2, 4. 
 
 
 
 
 
 
 
 
 
 
 
Fig.49. Schematic view of cell-cell interaction processes involving galectins as dimers (self-association) 
 
The clinical relevance of these cell responses or contacts has encouraged the development of 
suitable synthetic ligands with the aim to manipulate particular recognition processes. One can 
foresee either blocking interactions or artificially triggering post-binding signalling for a therapeutic 
benefit. With the purpose to clarify the structural and functional significance of the galectin CRD 
carbohydrate-binding site, a series of antagonists based on lactose derivatives have been designed.  
In particular, in this Thesis, we have chosen glycomimetics of lactose, which contain thio- and 
dithio- moieties at the pseudoglycosidic linkage. Previous works from our group have analysed the 
free and bound state conformation of a variety of thioglycoside analogues of cellobiose, fucose, and 
lactose5-9. It was demonstrated that these molecules display a high conformational flexibility, much 
larger than the natural compounds and that, in some cases, conformations distinct of those of the 
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global minimum can be bound by lectins and enzymes. The glycosyl-sulfide and glycosyldisulfide 
studied herein are depicted in Fig. 50.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig.50. Structure of the glycomimetics studied in this Thesis 
 
Previous theoretical studies, using ab initio calculations and natural bond orbital analysis10, have 
also shown that the thioglycosidic linkage of thiomaltose has a great flexibility in comparison the 
O-glycosidic one, with a conformational barrier which is 3 kcal/mol lower for the mimetic. One 
reason which increases the flexibility is the large size of the linkage atoms. In fact, the C-S 
glycosidic and aglycon bonds are 1.835 and 1.831 Å, in comparison to the 1.394 and 1.406 Å in 
natural maltose. Also, the C1-S-C1’ valence angle is smaller (101.3°) than that of maltose (119.1°). 
These features help to reducing the steric effects in the torsional movements. A second major reason 
may arise from the analysis of the exo-anomeric effect. In fact, the thio-analogues displays less 
nS→σ* C1-O5 hyperconjugative stabilization than the O-glycoside parent compounds. The 
structural flexibility of these thio-analogues seems to be a key point for their recognition processes, 
in particular with glycosidase enzymes. Mario Pinto and co-workers have presented a complete 
conformational study on dihetero functionalities at the interglycosidic linkage11, including the S-S 
and S-Se functionalities. They examined, in detail, the conformational preferences of β-linked 
disaccharides (Fig. 51), and reported that these compounds assume the ΦH gauche+ conformation 
about C1’-S bond but the rotation around the S-X (X=S, Se) bond is restricted and preferentially 
assume the +g; -g conformations (Fig.51).  
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Fig.51
. Top: Compounds with dihetero functionalities. Bottom: Possible interconversions between the more stable 
conformations of these compounds
11
. 
 
 
In this work, the conformational features of the S-S or S-Se linkages were rationalized using the 
perturbation molecular orbital theory. The gauche conformations permit a 2e nS→σ* X-C 
hyperconjugative interaction. Also, both (+g) and (-g) conformations permit the nS→σ* C1-O5 
exoanomeric interaction (Fig.52) 
 
 
 
 
 
 
 
 
Fig.52 a) Representation of molecular orbital interactions between S-X where X = S. b) exoanomeric effects of  nS→σ* 
C1-O5 and nS→σ* X-R
11
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In this Thesis, we have explored the molecular recognition process of human galectin-1 with two 
glycomimetics of the trehalose type, namely Gal-S-Gal (D-galactopyranosyl-β-D-
thiogalactopyranoside) and Gal-S-S-Gal (D-galactopyranosyl-β-D-dithiogalactopyranoside). 
Galectin-1 and -3 are the most extensively studied members of this family of proteins in the field of 
cancer biology12, 13. Galectin-1 itself is expressed differentially by numerous normal and 
pathological tissues and appears to be functionally multivalent, participating in a wide range of 
biological activities14. Galectin-1 plays an important role in cancer cell biology interacting in major 
signaling pathways and there are also experimental evidences that it is involved in skeletal muscle 
differentiation and regeneration15, 16, sensory and moto-neuronbiology 17, nerve regeneration18, and 
neurodegenerative diseases19. 
The expression or overexpression of galectin-1 in tumors or the tissue surrounding them is 
considered a sign of their malignant progression, resulting in poor prognoses for large numbers of 
cancer patients. Galectin-1 is directly involved in the biological processes of cancer cell migration,  
non small-cell  lung  cancers,  non-Hodgkin  lymphomas,  pancreatic adenocarcinomas,  head  and  
neck  squamous  cell  carcinomas,  melanomas,  and gliomas. It is also involved in the process of 
tumour immune scape, as it is secreted by tumor cells and kills activated T cells1. Very recently, it 
has been demonstrated that galectin-1 is also involved in the process of tumour angiogenesis20. 
Thus, galectin-1 (hgal-1) could  be considered as a  target  for  the  novel  treatment  of  a  range  of 
devastating cancers21, 22. Consequently, reducing galectin-1 expression in migrating tumour cells 
could help to block the malignancy development through delaying cancer cell migration. 
Antigalectin-1 compounds, as siRNA antisense oligonucleotide, aptamers, or blocking antibodies 
able to inhibit or at least markedly decrease the biological activity  of  galectin-1 are required to 
combat the growing and migration of cancer cells1. 
The development23 of new inhibitors and ligands of galectins is a field of marked interest and it is 
within this context where this part of the Thesis is framed. We will try to demonstrate the binding 
ability of these glycomimetics towards different galectins, especially towards hgal-1, using a 
combination of NMR experiments (performed by J. P. Ribeiro) and molecular modelling protocols. 
The following manuscript is about to be submitted to Bioorg. Med. Chem. 
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Introduction 
Glycosylsulfides and glycosyldisulfides constitute a new class of carbohydrate 
derivatives with interesting chemical and physical properties. They are glycomimetics 
with distinct structural and dynamic features relative to their parent O-glycosyl 
compounds.  Synthetic methods have been described to access this type of molecules 
and some efforts to understand their molecular recognition properties versus sugar 
receptors have been reported. In order to further explore the binding features of these 
analogues and to propose an explanation, in structural terms, of the recognition process, 
molecular modelling studies were performed. However, still there are not many 
conformational and interaction studies on these thioanalogues 24, 25, and herein we have 
performed a detailed analysis of the conformational behavior of some of these 
molecules, and of their binding abilities towards a series of human and legume lectins.  
 
 
Scheme 1| Schematic views of Gal-S-Gal and Gal-S-S-Gal along with the atomic 
numbering. 
 
Material and Methods 
List of abbreviations: GalSMe: methyl-β-D-thiogalactoside; Gal-S-Gal: D-
galactopyranosyl-β-D-thiogalactopyranoside; Gal-S-S-Gal: D-galactopyranosyl-β-D-
dithiogalactopyranoside; hgal-1: human galectin-1; hgal-3: human galectin-3; hgal-4: 
human galectin-4; hgal-7: human galectin-7; hgal-9: human galectin-9; VAA: viscum 
album agglutinin – viscumin; NMR: nuclear magnetic resonance; ITC: isothermal 
titration microcalorimetry; STD: saturation transfer difference; TOCSY: Total 
Correlation Spectroscopy; NOESY: Nuclear Overhauser Effect Spectroscopy; HMQC: 
Heteronuclear Multiple Quantum Coherence. 
NMR Spectroscopy:  
Methyl-β-D-thiogalactoside (βGalSMe) and D-galactopyranosyl-β-D-
thiogalactopyranoside (Gal-S-Gal) were purchased at Sigma (CAS 155-30-6) and 
Carbosynth (CAS 51555-87-4), respectively. D-galactopyranosyl-β-D-
dithiogalactopyranoside (Gal-S-S-Gal) was synthesized at KTH, as described 
previously. Each thiogalactoside was added to independent lectin samples (50µM) in 
phosphate-buffered saline solution ([NaCl]=138 mM, [KCl]=2.7 mM, [Na2HPO4]=10.1 
mM, [NaH2PO4]=1.8 mM; 99,9% D2O, pH 7.5). The final ligand concentration was set 
to approximately 4 mM at a 80:1 ligand:protein ratio. The ligand resonances were 
assigned with TOCSY and NOESY NMR experiments. 
All STD NMR were carried out on a Bruker Avance DRX 500 MHz NMR 
spectrometer equipped with a 5 mm TXI inverse probe head. Data was collected at 303 
K using New Era 5 mm borosilicate tubes (reference NE-SL5-7). These experiments 
were recorded using the standard STD pulse sequence 26 with a 15ms 5MHz spin lock to 
minimize the background protein resonances. Saturation of the protein signal was 
performed using a train of 40 selective 70 dB Gaussian pulses of 50 ms duration, thus 
giving a total 2 s saturation time. The on-resonance frequency was set up at -1 ppm in 
VAA systems, and 0.87 (for Gal-S-Gal and Gal-S-S-Gal) and 7 ppm (βGalSMe) for 
galectins. The off-resonance saturation was applied at 100 ppm. The total number of 
scans used in STD experiments was 360 in the VAA systems and 720 for human 
galectins. NMR spectra were multiplied by an exponential line broadening function of 
1Hz prior to Fourier transformation. In order to determine the magnitude of the STD 
effect, the observed signal intensities were compared to the corresponding proton signal 
of the reference spectrum. For group epitope mapping, the STD signals from all protons 
were normalized against the peak of highest STD intensity. Competition experiments 
between a probe molecule (lactose) and the studied compounds were also conducted to 
determine the relative binding affinities. They were performed under the same 
conditions as those described before, by recording and quantifying STD experiments in 
the exact same conditions as described previously, before and after the introduction of 
the new molecule, at an approximate molar ratio of 1:1 with respect to the first ligand, 
lactose. 
The 2D HMQC-NOESY experiment for Gal-S-Gal was conducted on a Bruker 
Avance 800 MHz NMR spectrometer equipped with a H-C/N-D TCI triple resonance 
cryoprobe. The sample (35 mM) was prepared in “100%” D2O (Cambridge Isotope 
Labs., Inc., D 99.96%, CAS 7789-20-0). Data were collected at 308 K with the same 
high field designed New Era 5 mm borosilicate tubes. 2048 complex points were 
collected for the 1H-dimension. The number of transients was 256, with 410 time 
increments in the 13C-dimension. The 1JCH used was 158 Hz. Spectral widths of 3180 
and 10060 for the 1H and 13C dimensions, respectively, were employed.  
All spectra processing was performed on PC stations using Topspin 2.0 software 
(Bruker). 
Molecular modeling:  
0) Quantum mechanical methods, partial charges, and molecular mechanics force field.  
Starting from the geometry arising from the experimental crystallographic structure of 
lactose in (PDB code 1GZW) 27, we constructed the two ligands Gal-S-Gal and Gal-S-
S-Gal. These structures, together with lactose, were subjected to a full geometry 
optimization by means of quantum mechanical calculations based on the Gaussian03 
program28, using the B3LYP method and a 6–31G(d) basis set. The resulting wave 
functions were used to calculate electrostatic potential-derived (ESP) charges 
employing the RESP methodology29, as implemented in the Amber9 suite of programs 
(http://amber.scripps.edu/). 
For the calculation of dihedral parameters for the torsional barriers around the 
bonds implying sulfur in Gal-S-Gal (two torsion angles φ, ψ) and GalSSGal (three 
torsion angles φ, ψ and ω), we employed Gal-SMe and Gal-S-SMe structures. These 
values were calculated so as to reproduce, in the AMBER force field, the energy values 
calculated ab initio in Gaussian03 (keyword SCAN) upon rotation of the bond every 
200. The remaining bonded and nonbonded parameters were assigned, by analogy or 
through interpolation from those already present in the AMBER database, in a way 
consistent with the Glycam-04 force field for carbohydrates 
(http://glycam.ccrc.uga.edu), which has been tested widely and used successfully in 
simulations of the type described herein. 
We followed a second method for charges and parameters calculations based on 
the R.E.DD.B. database 30. The optimized Gal-S-Gal and Gal-S-S-Gal structures were 
submitted to the RED server. Geometries were optimized with the HF method and a 6-
31G(d) basis set, electrostatic potential was calculated using the CHELPG method and 
partial charges were restrained using the RESP method with a correction factor of 
qwt=0.01/0.005, setting the partial charges of non polar hydrogens to 0. When using this 
second set of calculated charges, torsional parameters for the thio-glycosidic and dithio-
glycosidic linkages were based on those existing for thioethers in Glycam_06f, and 
those for methionine and cysteine and disulfide bridges of parm99, and are gathered in 
the supporting information. Since the molecules presents a C2 symmetry axis, in a third 
approach, identical charges were considered for the corresponding atoms in the two Gal 
moieties, based on those calculated in the first protocol. Data are available at the 
supporting information. 
a) Docking studies:  
In order to perform the docking analysis, we employed the automated docking program 
AutoDock 4.2 31 on the basis of its wide reported use 32. From the Protein Data Bank we 
selected the 3D structure of human galectin-1 from PDB code 1GZW (in complex with 
lactose). We first validated AutoDock as an appropriate predictive tool by testing its 
ability to predict the binding mode present in the crystal structures of 1GZW for lactose. 
Charges were applied to lactose as described above. Missing atoms inside the grids 
were added, and crystallographic water molecules that were identified as important for 
the lactose binding, were kept for the docking calculations. Kollman charges were 
added to the protein. Evaluation of the docked structures indicated that AutoDock was 
able to predict the crystallographic binding pose (data not shown), so we considered it 
as a valid tool to perform the dockings studies. 
Initially, only the ligand was treated as ﬂexible entity. Different conformers of the 
ligands were docked using the Lamarckian genetic algorithm (LGA) implemented in 
AutoDock, by randomly changing the torsion angles and overall orientation of the 
molecule. Search parameters were chosen from those previously established for docking 
of carbohydrates, and the grid box was restricted around the crystallographic galectin-1 
binding site of lactose. The AutoDock protocol included 100 runs with 2.500.000 
evaluations and a population size of 150. The mutation and crossover rates were set to 
0.80 and 0.02, respectively, and the maximal number of generations was 27 000. Elitism 
was set to 1 and the local search frequency to 0.06. A cluster analysis was carried out 
and the resultant cluster with the lowest docking energy was taken as the starting point 
for performing molecular dynamics (MD) simulations in explicit solvent. 
b,c) Molecular Dynamics Simulations:  
For the free ligands, three different 6 ns molecular dynamics (MDs) simulations were 
carried out using Amber 9, with the three different ligand partial charges, as follows:. 
Gal-S-Gal was placed in a 8 Å depth truncated octahedral box of explicit TIP3P water 
molecules. The equilibration phase started with the energy minimization of the solvent, 
followed by an energy minimization of the entire system without restraints. The system 
was then heated up from 10 K to 298 K during 100 ps with weak restraints on the solute 
(positional restraints to alpha carbons), followed by 100 ps of MD simulation at 
constant temperature and constant pressure of 1 atm, without restrictions. Equilibrated 
structures were used as starting points for 6-ns production trajectories, performed at 
constant pressure (1 atm) and temperature (288 K), according to the NMR experiments, 
controlled by the Langevin thermostat with a collision frequency of 1.0 ps-1. During the 
simulations, the SHAKE algorithm was turned on and applied to all hydrogen atoms. A 
cut-off of 10 Å for all non bonded interactions was adopted. An integration time step of 
2 fs was employed and periodic boundaries conditions were applied throughout. During 
all the simulations, the Particle Mesh Ewald (PME) method was used to compute long 
range electrostatic interactions. Minimization, equilibration, and production phases were 
carried out by using the sander module, while analyses of the simulations were 
performed with the ptraj module. The visualization of the trajectories was performed 
using VMD software. Data were processed and plotted using R software. 
In the three cases, the conformational behaviour of Gal-S-Gal during the 6 ns of 
MD simulations was deduced to be very satisfactory and in agreement with 
experimental data (see supporting information). Only exo-anomeric regions were 
sampled for both thio-glycosidic torsions, while the ω angles took the expected gg and 
gt orientations. The set of charges and parameters mentioned as the first method was 
employed for the MD simulations of the Gal-S-Gal/hgal-1 and Gal-S-S-Gal/hgal-1 
complexes. Starting geometries were selected from docking studies as the poses with 
the lowest docking energy and in agreement with the NMR data, as explained in the 
discussion. 6-ns MD simulations of the sugar/receptor complex in a 10 Å depth 
truncated octahedral box of explicit TIP3P water molecules were carried out following a 
protocol identical to that described above for the free ligands. 
  
Results and Discussion 
 
I - NMR Experiments: STD is a powerful method that provides key information on the 
interaction between a protein receptor and the corresponding ligands. The first 
experiments the herein present STD NMR protocol detected positive binding for 
βGalSMe, Gal-S-Gal and Gal-S-S-Gal with all five evaluated human galectins (namely 
hgal-1, -3, -4, -7 and -9) and with the model legume lectin viscumin (VAA). The data  
obtained by this first set of experiments not only reflects the binding of the ligand to the 
protein in each system, but also presents the possibility to map the epitope of the ligand, 
revealing the most intimate contacts between the ligand and receptor (see Figure 1 as an 
example of Gal-S-Gal interactions with hgal-1 and VAA). 
 
Figure 1| 500 MHz 1H STD 
(bottom) and corresponding 
off-resonance spectra (top) of 
Gal-S-Gal in presence of 
hgal1 (left) and VAA (right). 
The intensity of the STD 
spectra is amplified 32x for 
clearer visualization. Samples 
were prepared with a 80:1 
ligand:protein ratio. Relative 
STD intensities (regarding the 
highest intensity STD peak) 
are schematically display in 
the upper 3D figures.  
 
Distinct group epitopes were observed depending on the type of lectin (legume 
or human). The comparison between the epitopes of βGalSMe, Gal-S-Gal and Gal-S-S-
Gal bound to VAA or a galectin indicate that the binding mode for these three ligands is 
very similar, although depending on the receptor. Protons H-2, H-3 and H-4 of all 
thiogalactoside ligands showed higher relative STD values in presence of VAA, while a 
distinct pattern with intense H-4, H-5 and H-6 protons was observed for hgal systems 
(see Figure 2, and supporting information SI1). These results are consonant with 
previous studies on galactosides recognition by VAA 33 and human galectins family 27, 
34-39. In any case, the STD responses for GalSMe and Gal-S-S-Gal in the presence of the 
galectins were much weaker than those of    Gal-S-Gal. 
 
Figure 2| Schematic representation of the different thiogalactoside and dithiogalactoside 
recognition by VAA (at the left) and the studied galectins (at the right). The protein domain is 
represented by a semi circumference. 
 
In order to obtain the relative binding affinities of the different thiosugars and 
relate them to the natural ligand, lactose, STD competition experiments were performed. 
By employing the strategy presented by Meinecke et al.40, each thiogalactoside ligand 
was introduced in a lactose-lectin sample in order to perturb that interaction. The 
reduction of lactose STD signal intensities upon addition of the thiogalactoside was thus 
used to infer the presence of the inhibitor compound (thiosugar) competing for the same 
binding site. The inhibition observed on the different lactose/lectin systems by the 
thiogalactose ligands, can be related to the binding affinities, as summarized in Table 1. 
 
 VAA hgal-1 hgal-3 hgal-4 hgal-7 hgal-9N 
βGalSMe 0.56 <0.04 <0.04 <0.04 <0.04 0.20 
Gal-S-Gal 1.43 1.68 0.59 0.33 0.46 0.39 
Gal-S-S-Gal 1.00 <0.04 0.04 <0.04 0.06 <0.04 
Relative Ka values were calculated taking lactose value (1.00) as reference.  Thiosugars 
relative affinity values have an associated error of less than 4%. 
Table 1| Relative binding affinity parameters of VAA, human galectins-1, -3, -4, -7 and 
-9 with thiogalactosides with respect to lactose.  
 
Among the three evaluated ligands, Gal-S-Gal turned out to be the best binder in 
all lectin systems, better than lactose for VAA and hgal-1.  For the model legume lectin, 
VAA, the three thiogalactosides proved to inhibit lactose recognition (see Figure 3 for a 
representative example; remaining experiments are shown in supporting information). 
 
Figure 3| The left panel shows a superimposition of the STD spectra of the mixtures 
VAA/lactose (in red) and VAA/lactose/Gal-S-Gal (in blue). Upon addition of Gal-S-Gal, the 
lactose STD signals decrease by ca. 53%, as represented by the red vertical arrows in the 
isolated lactose signals (displayed on the right panel).  
 
The analysis of the data indicated that Gal-S-Gal was a better binder than lactose 
itself. Gal-S-S-Gal was found to be in the same affinity rank as lactose, where βGalSMe 
was considerably lower. It has been described that VAA mainly recognizes terminal 
galactose residues at the non reducing end, and indeed the affinity of VAA towards 
lactose and galactose is roughly the same 41. The observed differences may be 
accounted for by transient interactions of the second Gal residue, somehow higher for 
Gal-S-Gal than for Gal-S-S-Gal. Obviously, lack of extension of GalSMe does not 
allow the existence of additional interactions When considering the data for galectins, it 
was observed that the affinity of hgal-1 for Gal-S-Gal (Kd ca. 0.13 mM) was undeniably 
better than for the natural ligand, lactose (Kd 0.31 mM), where the opposite was 
witnessed in the other galectin systems (Kd for Gal-S-Gal between 0.30 and 2 mM). 
Akin results have been described in previous ITC studies by Ahmad et al. 42.  
Weak or very weak inhibition of the lactose/galectin conjugate was observed 
when βGalSMe or Gal-S-S-Gal (Kd > 7 mM) were introduced into the sample, with 
exception for the hgal-9N system (see Figure 4).  
 
Figure 4| STD experiments for 
Gal-S-S-Gal in the presence of 
hgal-1. At the left: 500 MHz 1H 
NMR STD observed for Gal-S-
S-Gal in the presence of hgal-1 
and corresponding off-
resonance spectrum. At the 
right: competitive STD 
spectrum for the mixture of 
Gal-S-S-Gal and lactose in the 
presence of hgal-1. The STD 
peaks of Gal-S-S-Gal are 
greatly diminished where the 
lactose signals ascension is 
categorical. STD spectra are scaled up to a 200 fold for better elucidation.  
Regardless the evidence and indication of binding and specificity (for STD 
spectra and group epitope mapping, see supporting information SI1), additional 
competitive STD titration experiments (with the reverse protocol) were conducted to 
confirm the binding site specificity. Either βGalSMe or Gal-S-S-Gal was easily 
displaced by lactose, consistent with the observed different binding affinities, and 
attesting that the interaction occurs at the same binding site (see supporting information 
SI2). Further characterization of the binding process was performed by using molecular 
modelling protocols (see below), but, at first step, we tried to get experimental 
information on the conformation of the free molecules. 
 The conformational characterization of symmetric molecules, like Gal-S-Gal and 
Gal-S-S-Gal (C2 axis), is a serious challenge in NMR spectroscopy. The existing 
symmetry does not allow differentiating the hydrogens at the opposite sides of the S- or 
S-S. In order to circumvent this problem, and to “break” the symmetry and retrieve 
some inter-Gal distance information, a HMQC-NOESY experiment was attempted. 
Similar experiments have previously been employed for symmetry related molecules. 
Indeed, for Gal-S-Gal, it was possible to detect a medium size H-1 Gal→ H-1 Gal’ 
NOE (see Figure 5). The intensity of the NOE peak observed between H1 protons (in 
reference with H1-H5 NOE) was correlated with a spatial distance of 2.7 Å. A similar 
distance was also deduced in the MD simulations in explicit water solvent (see next 
section). Unfortunately, it was not possible to apply the same experimental protocol 
(HMQC-trNOE) to get experimental information on the ligand’s bound state 
conformation, due to the high concentrations required for this intrinsically insensitive 
experiment. 
For Gal-S-S-Gal, the employment of the same protocol did not allow to detect 
any interresidual NOE, indicating an average larger separation between the two Gal 
residues. 
 
 
Figure 5| Top: schematic representation of the information gained from the F2-coupled HMQC-
NOESY experiment; H-1 appears as a doublet in the HSQC spectrum, with the splitting 
corresponding to the 1JCH to its 
13C bound C-1 atom (representing the 1.1% natural abundance of 
13C isotopes). The NOE to H1’ (as well as to any other proton) appears at the corresponding 1H 
NMR frequency of the nearby proton, which does not show any splitting, since it is mostly 
coupled to 12C (ca. 99% abundance). Bottom: F2-coupled HMQC-NOESY spectrum of Gal-S-
Gal (the two H1
’-H1 and H1-H5 regions are zoomed in for better elucidation). 
 
II - Molecular Modelling (This part has been performed by Maria Morando at the CIB 
and will be extensively discussed in her PhD Thesis):  
 The STD-based binding studies have demonstrated that the thioanalogues compete in 
the hgal series for the same binding site than lactose and that, while Gal-S-Gal displays 
similar affinity to that of lactose, somehow better for hgal-1 and somehow worse for the 
other series, the Gal-S-S-Gal analogue is a rather poor galectin binder. In order to 
further explore the binding features of these analogues and to propose an explanation, in 
structural terms, of the recognition process, molecular modeling studies were 
performed, taking hgal-1 as model galectin to this aim. Also, due to the relatively scarce 
conformational studies on these thioanalogues 43, we decided to perform a detailed 
analysis of the conformational behavior of these molecules, following the protocol 
described in the materials and methods section and in the supporting information. First, 
the torsion parameters and partial charges were tested in MD simulations of the isolated 
ligands, and were found to be in complete agreement with the NMR results described 
above. Indeed, the MD-based average conformation found for Gal-S-Gal displayed an 
interresidual Gal H1-Gal H1´close distance in agreement with that deduced from the 
experimental HMQC-NOESY approach (see above), while Gal-S-S-Gal displayed much 
higher flexibility with a larger interresidual distance, which could not be detected by 
NOEs. The rest of the conformational features of the free state is gathered in the 
supporting information. Thus, docking and MD studies were performed for the 
complexes formed by Gal-S-Gal and Gal-S-S-Gal and galectin-1, as model. 
II.1a) Docking studies of GalSGal.  
 
For GalSGal, the AutoDock protocol found a best cluster for the ligand-receptor 
complex, composed by 51 structures, whose lowest energy structure is represented in 
Figure 6. The free energy of binding of this structure was estimated has -3.13 kcal/mol. 
Remarkably, the binding site proposed by AutoDock is in close agreement with that 
experimentally found in the X-ray structure of the galectin-1/lactose complex 27. The 
key aminoacids are TRP68, HIS44, ASN46, ARG48, GLU71, HIS52, and ARG73. This 
finding is important, since the experimental STD-based protocol has demonstrated, in a 
non ambiguous manner that these S-containing molecules compete with lactose for the 
same galectin binding site. 
From the structural viewpoint, the 
complex showed a net of van der Waals and 
hydrogen bond interactions, very similar to 
those found in the interaction of galectin-1 
with lactose, with special mention to the CH-
π-stacking interaction between the 
hydrophobic face of the galactose unit and 
Trp68’s indole moiety. Thus, the 
corresponding coordinates were employed as 
starting structure for MD simulations, with 
explicit solvent. 
 
 
 
 
 
Figure 6| The best docking pose for Gal-S-Gal with hgal1, as proposed by AutoDock 4.2. 
 
 II.1b) MD Simulation of Gal-S-Gal/hgal-1 complex.  
 
The employed protocol is described in the experimental section. The behavior of the 
ligand and its interactions with the receptor were scrutinized: From the ligand’s 
perspective, its conformational behavior, when bound to galectin-1, was analyzed and 
compared to the one observed in the free-state (see supporting information). Indeed, the 
conformational features of the ligand did not changed upon binding to galectin-1 and 
are essentially identical to those described in the supporting information for the free-
state. Again, the conformational behavior around the glycosidic linkages was very 
stable, sampling a double exo-anomeric conformation for both thioglycosidic torsions 
for more than 97% of the simulation time. The representation of both angles, referenced 
to the anomeric protons is given in Figure 7: 
 
                
Figure 7| At the left) Plot of the values for the glycosidic angles, φ1= C1-S1-C1’-H1’, 
ψ2= H1-C1-S1-C1’ along the 6 ns MD simulation of Gal-S-Gal/hgal-1 complex; at the 
right) Plot of the values for the glycosidic ω angles, for the exocyclic C5-C6 bonds, 
along the 6-ns MD simulation of GalSGal/hgal-1 complex. 
 
Also the behavior of both ω angles is shown in the previous figure. A major gt 
rotamer was found (80-94 %) with minor proportion of the tg conformer (6-17%), in 
semiquantitative agreement with the behavior of Gal chairs and in complete agreement 
with the behavior of these torsion angles of Gal moieties when bound to galectins. 
Both six-member rings were present as 4C1 chairs during the whole simulation, 
and the interglycosidic distance between both anomeric protons (Gal H1-Gal H1’) was 
stable during the course of the whole simulation, close to 2.8 Å (Figure 8). 
 
         
Figure 8| Plots of the behavior of the interglycosidic H1-H1’ distance between both Gal 
units, as well as the intraresidual H1-H3 and H1’-H5’ distances, which define the chair 
conformation, along the 6 ns MD simulation of Gal-S-Gal/hgal-1 complex.  
 
II.1c) Gal-S-Gal/hgal-1 complex: ligand-receptor interactions.  
(The protocol has been indicated in the Materials and Methods section). According to 
the average structure found in the MD simulation, there are key interactions between the 
ligand and the receptor. These remain fairly stable during the MD run. The major 
interactions involve one of the Gal rings that make key contacts with Trp68 and His44, 
and are fairly embedded in the binding pocket. Nevertheless, the second Gal moiety, 
although more exposed, also displays additional contacts with polar side chains of 
galectin-1. Despite the different chemical nature of Gal-S-Gal and distinct glycosidic 
linkage with respect to lactose, the observed interactions resemble those present in the 
crystallographic structure of lactose bound to galectin-1. 
The possibility of formation of intermolecular hydrogen bonds was checked 
using ptraj, and different atoms were found to be involved in persistent hydrogen 
bonding as acceptors (NE2  HIS44, OD1  ASN61, OE2  GLU71, OE1  GLU71, OD1  
ASN46, NE2  HID52 of the protein and most of the oxygens of the thiodisaccharide), 
and donors (HD1 HIS44, HD21 ASN61, HD22 ASN61, HH21 ARG48, HH22 ARG48, 
HH11 ARG48, HH12 ARG48, HH21 ARG73, HH22 ARG73, HH11 ARG73, HH12 
ARG73, HD21 ASN46, HD22 ASN46, HD1 HID52, as well as most of the HO 
hydrogens of the sugar). Indeed, these are basically the same that those involved in 
hydrogen bonding in the X-ray structure of the lactose/galectin-1 complex (Table 2 and 
Figure 9). 
 
Atom Pair Occupancy 
(%) 
Distance 
(Å) 
O6’ Gal -HD21 
(ASN 61)   
99.8 % 2.93 ± 0.13 
O2 Gal -HH12 
(ARG48) 
99.6 % 2.83 ± 0.10 
NE2 (HIS44)-HO 4’ 
Gal 
96.2 % 2.85 ± 0.14 
OE2(ASP71)- HO2 
Gal 
94.8 % 2.73 ± 0.18 
OE2(ASP71)- HO6’ 
Gal 
94.4 % 2.85 ± 0.19 
O4’ Gal - HH21 
(ARG48) 
86.2 % 3.04 ± 0.18 
OE1(ASP71)- HO2 
Gal 
84.0 % 2.88 ± 0.21 
O2 Gal - 
HH22(ARG73) 
63.3 % 3.18 ± 0.19 
O6’ Gal - 
HH22(ARG48) 
59.2 % 3.06 ± 0.17 
 
At the left: Table 2| Estimated hydrogen bonds, with their corresponding distances, and 
their occupancy percentage, along the 6-ns MD simulation of GalSGal-hgal1 complex; 
at the right: Figure 9| Plots of the behavior of some representative intermolecular 
hydrogen bond distances along the 6-ns MD simulation of Gal-S-Gal/hgal-1 complex. 
 
In contrast, the analysis of the MD simulation did not revealed important and 
persistent intermolecular hydrogen bonding of water molecules mediating the 
interaction between the sugar and galectin-1. Indeed, the possible contacts were present 
for relatively short occupancy times. 
NE2 (HIS44)-HO6’ Gal 
OE1(ASP71)- HO2 Gal 
 
The key CH-π-stacking interaction between the less polar face of the galactose 
unit and the aromatic side chain of Trp68 was also monitored, by analyzing several 
intermolecular distances (H4 Gal-CH2 TRP68, H3 Gal-CE2 TRP68, H5 Gal-CD2 
TRP68, H14 Gal-CE3 TRP68), as shown in Figure 10. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10| At the top: Perspective of the CH-π stacking interaction between one of the 
Gal residues and Trp68; At the bottom: Plots of the behavior of some representative 
intermolecular Gal-Trp68 distances along the 6-ns MD simulation of GalSGal/hgal-1 
complex [Top, H3’-CE2 TRP68 (left) and H5’-CD2 TRP68 (right); Bottom, H4’-CH2 
TRP68 (left) and H6a’-CE3 TRP68 (bottom)]. 
 
These intermolecular distances are around 3 Å, within a range in which is 
possible to establish stabilizing interactions. Regarding the stability of the structure 
during the complete simulation, the progression of the root-mean-square deviation 
(rmsd) of the coordinates of the Cα atoms with respect to the average structure (smaller 
than 1.5 Å) showed a notably stable behaviour reflecting that the overall architecture of 
the protein was preserved for the whole length of the simulation (Figure 11). 
 Figure 11| Evolution of the rmsd of the Cα atoms of hgal-1 with respect to the average 
structure. 
 
In any case, some oscillations in the structure indeed occur that correspond to 
local variations due to interactions that take place between the second saccharide unit 
and the side chains of the amino-acids around the binding site. The average structure 
was further minimized, and shown below: 
As conclusion, it can be assumed that the interaction between the thio-glycoside 
and the galectin-1 comprises a well defined binding pocket and is stable for the 6 ns of 
simulation time. In this case, clear interactions are shown between the two Gal moieties 
and the galectin receptor. Indeed, the observed interactions provide a fair explanation of 
the observed binding affinities and experimental STD values. 
 
 
 
 
 
 
 
 
 
 
 
Figure 12| Perspective of the minimized Gal-S-Gal/hgal-1 complex. 
 
II.2a) Docking studies of Gal-S-S-Gal.  
 
A similar protocol to that described above and described in the Materials and Methods 
section was adopted for the dithioglycoside analogue.  As for Gal-S-Gal, the complex 
showed a net of van der Waals, hydrogen bonds, and CH-π stacking interaction 
interactions, although with less participants from both ligand and receptor’s viewpoint. 
In any case, the corresponding coordinates were employed as starting structure for MD 
simulations with explicit solvent, using two different parameter sets, as described in the 
experimental section. Both methods lead to very similar results. 
 
II.2b) MD simulations of Gal-S-S-Gal/hgal-1 complex.  
The conformational behavior of Gal-S-S-Gal, when bound to galectin-1 (see supporting 
information), indicated the existence of a conformational selection process, with 
selection of the exo-anomeric orientations, both syn (55%) and anti (45%), upon 
binding, for more than 97% of the simulation time. Indeed, the φ1 angle belonging to 
the recognized Gal unit remains around 60°, with little fluctuation around this value. In 
contrast, φ2 angle for the second residue, with no contacts with hgal-1, can explore a 
larger conformational space, due to the lack of additional interactions with the receptor, 
and adopts two different values, around 60° and 180°. The corresponding proton-proton 
interresidual distances between the anomeric hydrogens are 2.8 Å (syn) and 4.6 Å (anti). 
The S-S (ψ) angle remained stable around -90° along the 6-ns MD simulation. 
Upon observation of the possible complexes, it was deduced that the presence of other 
orientations for the glycosidic and S-S linkages would produce important steric conflicts 
with the polypeptide chain. Regarding ω angles, they mainly sampled the gt 
conformation, as in the free-state. Nevertheless, it has to be mentioned that 
crystallographic analysis of a variety of complexes has shown that this is the only 
orientation adopted by Gal moieties recognized by galectin proteins. The representation 
of both angles, referenced to the anomeric protons is given in Figure 13.  
 
 
 
Figure 13| Left: the behaviour of the glycosidic angles of GalSSGal during the MD run; 
Right: behavior of the disulfide (ψ, C1-S1-S1’-C1’) and ω angles of Gal-S-S-Gal during 
the 6 ns MD simulation. 
  
Both six-member rings were present as 4C1 chairs during the whole simulation, 
and the interglycosidic distance between both anomeric protons (Gal H1 - Gal H1’) 
sampled two different states during the whole simulation, with distances below 3 Å and 
above 4 Å, respectively (see Figure 14). 
 
 
 
Figure 14| The behaviour of the interglycosidic H1-H1 distance between both Gal 
residues during the 6-ns MD simulation. 
 II.2c) Gal-S-S-Gal/hgal-1 complex: ligand-receptor interactions.  
According to the average structure found in the MD simulation, there are also 
interactions between the ligand and the receptor, but significantly less numerous than 
for the GalSGal analogue. In any case, these remained fairly stable during the MD run. 
The intermolecular contacts only involve one of the Gal rings that make key interactions 
with Trp68 and His44. In this case, the second Gal moiety, is completely exposed to the 
solvent and does not display additional contacts with the polar side chains of galectin-1.  
The possibility of formation of intermolecular hydrogen bonds was checked 
using ptraj, and different atoms were found to be involved in hydrogen bonding as 
acceptors (NE2  HIS44, OD1  ASN61, OE2  GLU71, OE1  GLU71, OD1  ASN46, and 
NE2  HID52 of the protein and the oxygens of only one of the Gal moieties of the 
thiodisaccharide), and donors (HD1 HIS44. HD21 ASN61, HD22 ASN61, HH21 
ARG48, HH22 ARG48, HH11 ARG48, HH12 ARG48, HH21 ARG73, HH22 ARG73, 
HH11 ARG73, HH12 ARG73, HD21 ASN46, HD22 ASN46, HD1 HID52, as well as 
the HO hydrogens at only positions C4, and C6 of the same Gal moiety of the 
dithiosugar).  
 
Atoms Occupancy 
(%) 
Distance 
(Å) 
O6’ Gal-HD21 (ASN 61)   97.2 % 2.96 ± 0.13 
NE2 (HIS44)-HO4’ Gal  94.5 % 2.87 ± 0.10 
O4’ Gal HH21(ARG48) 71.3 % 3.03 ± 0.19 
O6’ Gal - HH22(ARG48) 31.9 % 3.08 ± 0.19 
OE1(ASP71)- HO6’ Gal 22.9 % 2.81 ± 0.21 
 
Table 3| Estimated H-bonds, with their corresponding distances, and their occupancy 
percentage, in the MD simulation of the galectin-1/Gal-S-S-Gal complex. 
The representation of some of these distances, during the 6 ns MD run, related to 
intermolecular hydrogen bonds is shown below:   
 
Figure 15| MD plots of the behaviour of some representative intermolecular hydrogen 
bond distances 
 
Again, the analysis of the MD simulation did not revealed intermolecular 
hydrogen bonding of water molecules mediating the interaction between the dithiosugar 
and galectin-1. The existence of the key CH-π-stacking interaction between the apolar 
face of the galactose unit and the aromatic side chain of Trp68 was also monitored, by 
analyzing several intermolecular distances (H4 Gal-CH2 TRP68, H3 Gal-CE2 TRP68, 
H5 Gal-CD2 TRP68, H4 Gal-CE3 TRP68). The interaction was kept during the MD run 
(Figure 16). 
 
 
Figure 16| MD plots of the behavior of some representative intermolecular Gal-Trp 68 
distances. 
 
Therefore, in this case, the key amino acids responsible for the interaction are 
HIS44, GLU71, ARG48, TRP68, ASN61. In comparison with GalSGal, there is a lower 
number of intermolecular interactions, which exclusively take place with one of the Gal 
units, being the second one completely exposed to the solvent. This prediction is in 
complete agreement with the much lower binding affinity determined by the 
experimental methods for his analogue when interacting with galectin-1.  
The representation of the rmsd value (below 1.5 Å, Figure 17) of the different 
snapshots taken from the MD run versus the average structure shows that the MD 
simulation was very stable and no major conformational variations in the structure took 
place during the 6 ns run.   
 
 
 
 
 
Figure 17| Representation of the rmsd 
value of every snapshot taken during the 
MD run versus the average structure  
 
The average was further minimized and 
different views may be seen as follows: 
 
 
 
Therefore, as conclusion, it is clear that the MD results strongly support the 
experimental observations obtained by NMR and permit to explain the different affinity 
of the two molecules. The extrapolation from the hgal-1 results to the rest of the 
galectins may be safely assumed, since all the human galectins display a similar 
architecture for the binding site and interact in an analogous manner with lactose and 
derivatives. 
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1.- The conformational and dynamic features of a variety of natural and synthetic 
oligosaccharides and different glycomimetics have been studied in the free and bound 
states, using a combination of NMR methods and modelling protocols, including 
docking studies and molecular mechanics and dynamics calculations. 
 
2.- A synthetic β-1,3-N-acetyl-glucosamine pentasaccharide has been studied in the free 
and lectin-bound states (wheat germen agglutinin WGA), showing a different behavior 
in comparison with its natural analogue. In fact, in the free form, it presents a rigid 
structure with few fluctuations around the glycosidic torsions, due to the type of 
linkage: β(1￫3). The interaction with WGA lectin shows that only one binding mode 
takes place, whereas the natural chitooligosaccharide provided different binding modes. 
The interaction studies with a model chitinase revealed resistance to degradation, and its 
possible use as inhibitor. 
 
3.-A complete conformational study has been performed with natural and synthetic 
Nod-Factors to reveal the features of their rather unusual structure. The presented data 
revealed the different behavior of the saccharide scaffold and the lipid chain. 
Nevertheless, the lack of structural data for their putative receptor for the symbiosis 
process does not allow to proceed further with the design of potent molecules. In any 
case, the available information can provide useful tools to try understand the different 
biological activities. 
 
4.-The multidisciplinary interaction studies of thio- and dithio-glycosides with galectins 
have provided a 3D model of the recognition process. The conformational behavior of 
thioglycosides is strongly influenced by the chemical nature of the S- and S-S- moieties. 
These molecules present a conformational distribution in solution, whereas just only 
conformer is complexed by galectin-1. The combined use of molecular simulations and 
NMR experiments has permitted to confirm the binding of this new class of 
glycomimetics and their possible use as inhibitors of the correspondent molecular 
recognition process. 
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1.- Las propiedades conformacionales y dinámicas de una serie de oligosacaridos 
naturales, sintéticos y glicomiméticos han sido investigadas en sus estados libre y 
enlazado, utilizando una combinación de métodos de RMN y protocolos de dinámica 
molecular, incluyendo estudios de “docking” (acoplamiento), y cálculos de mecánica y 
dinámica molecular. .  
 
2.- Un pentasacárido sintético de N-acetyl-glucosamina con uniones β-1,3 has ido 
investigado en estado libre y formando un complejo con una lectina (aglutinina del 
germen de trigo, WGA), y ha mostrado un comportamiento distinto en comparación con 
el análogo natural. En la forma libre presenta una estructura rígida con leves 
fluctuaciones alrededor de los ángulos glicosídicos, debido al tipo de enlace de tipo 
β(1￫3). La interacción con la lectina WGA muestra que solamente tiene lugar un modo 
de unión, mientras el quito-oligosacarido natural presenta diferentes modos unión. Los 
estudios de interacción con un modelo de quitinasas revelan resistencia a la degradación 
y sugieren su posible utilización como inhibidor. 
 
3.- Un estudio conformacional completo has ido efectuado sobre los Nod-Factors 
naturales y sintéticos para comprender las propiedades de estas moléculas. Los datos 
presentado muestran un comportamiento diverso de la parte sacarídica y de la parte 
lipídica. Sin embargo la falta de datos estructurales concernientes al receptor implicado 
en el proceso de simbiosis ha impedido avanzar en el diseño de moléculas más 
efectivas. En cualquier caso, la informacion disponible hasta hora puede facilitar la 
interpretación de las diferencias en las actividades biológicas de estas moléculas. 
 
4.- Los estudios multidisciplinares de interacción de los tio- y ditio-glicosidos con 
galectinas han proporcionado un modelo tridimensional de este proceso de 
reconocimiento. El comportamiento de los tio-glicosidos esta fuertemente influido por 
la naturaleza química de los grupos S- y S-S. Estas moléculas presentan en solución una 
amplia distribución conformacional, pero solo una conformación está presente en el 
complejo con la galectina-1. El uso combinado de las técnicas de simulación molecular 
y de los experimentos de resonancia magnética nuclear ha permitido confirmar la unión 
de esta nueva clase de glicomimeticos y la posible utilización de los mismos como 
inhibidores del correspondiente proceso de reconocimiento molecular.  
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1.- Le proprietà conformazionali e dinamiche di una serie di oligosaccaridi naturali e 
sintetici e di glicomimetici sono state analizzate in stato libero e nello stato associato. 
utilizzando una combinazione di metodi di NMR e di protocolli di dinamica molecolare, 
includendo studi di docking y calcoli di meccanica molecolare. 
 
2.- Un pentasaccarido sintetico di N-acetilglucosammina con un unione di tipo β-1,3 è 
stato studiato in stato libero e formando un complesso con WGA, mostrando un 
comportamento distinto comparandolo con il sua analogo naturale, la chitina. Nella 
forma libera presenta una struttura rigida con piccole fluttuazioni intorno allàngolo 
glicosidico, dovuto al tipo di legame di tipo β-1,3. La interazione con la WGA mostra 
che può aver luogo solo in una maniera, mentre uhn chito-oligosaccarido è in grade di 
unirsi in distinta maniera. Inoltre gli studi di interazione con un modello di chitinasa 
rvelano una resistenza alla degradazione y suggeriscono una possibile utilizzazione 
come inibitore. 
 
3.- Uno studio conformazionale completo è stato effettuato sui Nod-Factors naturali e 
sintetici per comprendere a fondo le proprietà di queste molecole. I dati presentano un 
comportamento diverso della parte saccaridica e della parte lipidica. Senza dubbio, la 
mancanza di dati riguardanti il recettore implicato nel processo di simbiosi, 
impediscono la possibilità avanzare nel disegno di mmolecole più effettive. La 
informazione disponibile fino ad ora può aiutare l’interpretazione delle diverse attività 
biologiche che presentano queste molecole. 
 
4.- Lo studio multidisciplinare  di interazione dei tio- e ditio-glicosidi con galectina ha 
fornito un modello tridimensionale di questo processo di riconoscimento. Il 
comportamento dei tio-glicosidi è fortemente influenzato dalla natura chimica dei 
gruppi S- e S-S. Queste molecole presentano in soluzione una ampia distribuzione 
conformazionale, però solo una conformazione è presente nel complesso con la 
galectina-1. L’uso combinato della tecniche di simulazione molecolare e di esperimento 
di risonanza magnetica nucleare ha permesso confermare la unione di questa nuova 
class di glicomimetic e del loro utilizzo come inibitori del corrispondente processo di 
riconoscimento molecolare. 
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Resumen 
 
Desde finales del siglo pasado se está haciendo evidente que los carbohidratos y los 
glicoderivados juegan un papel muy importante en muchos procesos biológicos tales 
como: interacción célula-célula, infecciones bacterianas, procesos inflamatorios, 
adhesión celular, desarrollo celular y fertilización, etc. Por otro lado los procesos de 
reconocimiento molecular entre proteínas y carbohidratos también participan en la 
biosíntesis y el plegamiento de glicoproteínas. 
Por estas razones el interés por el estudio de los carbohidratos desde esta perspectiva ha 
crecido en los últimos años y se han desarrollado muchas técnicas para obtener 
información sobre los procesos de reconocimiento molecular. 
En la naturaleza, los carbohidratos son uno de los componentes más abundantes, son 
capaces de generar diferentes tipos de estructuras con diferentes grados de complejidad. 
Esto es posible porque tienen muchos puntos de elongación para formar estructuras 
lineales o ramificadas (oligosacáridos y polisacáridos), tienen la posibilidad de generar 
distintas estereoquímicas (anómeros alfa y beta), varios tipos de regioquímica en las 
uniones glicosídicas, diferentes geometrías de anillo (piranosa/furanosa) y la presencia 
de diversos sustituyentes. Desde un punto de vista químico, los carbohidratos son 
moléculas con una parte polar (debido a los grupos hidroxilo C-OH) y otra apolar 
(debido a los C-H), y poseen un carácter anfifílico lo que posibilita la existencia de 
diversos tipos de interacciones. 
Gracias a estas propiedades, los carbohidratos son capaces de codificar y transmitir 
información entre biomoléculas formando complejos con lectinas, enzimas, toxinas y 
anticuerpos, con alta especificidad. 
Para comprender las bases del reconocimiento molecular, es importante conocer 
previamente las estructuras tridimensionales de los carbohidratos y de las biomoléculas 
tanto en estado libre como asociado, los términos energéticos y las propiedades 
dinámicas que regulan el proceso.  
Entre las principales técnicas que se han aplicado al el estudio estructural en estado libre 
y asociado están: la Resonancia Magnética Nuclear (RMN), cristalografía de rayos X y 
la microcalorimetría. Los carbohidratos son moléculas de gran flexibilidad y son 
difíciles de cristalizar, por dicha razón la RMN es una técnica muy adecuada para 
estudiar las moléculas en disolución, 
La espectroscopía de RMN es una de las herramientas más importantes para el estudio 
de la estructura y dinámica de biomoléculas; en concreto, la aplicación en los últimos 
años de nuevas técnicas y la disponibilidad de campos magnéticos cada vez más 
potentes ha abierto nuevas posibilidades en los estudios de biomóleculas tanto en estado 
libre como en el asociado a sus receptores. 
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En las últimas décadas, el conocimiento de las propiedades estructurales de los 
carbohidratos y de su interacción con proteínas ha abierto nuevas perspectivas en el 
campo de diseños y síntesis de fármacos capaces de favorecer o inhibir importantes 
funciones biológicas. 
El objetivo del presente trabajo de investigación, consiste en el estudio tridimensional 
de oligosacaridos sintéticos, de sus propiedades estructurales en estado libre y, cuando 
fuera disponible, en complejo con un receptor. 
Por las características estructurales y dinámicas de estas moléculas, los parámetros 
experimentales obtenidos por RMN, se deben apoyar por cálculos de dinámica y 
mecánica molecular, para poder valorar, sin ambigüedades, las poblaciones de las 
posibles conformaciones existentes. La comparación entre los datos experimentales de 
RMN y teóricos de Dinámica Molecular permite obtener las estructuras 
tridimensionales de los mínimos conformacionales correspondientes. 
 
En el estudio de los oligosacáridos, los términos que se tienen que considerar para 
definir una estructura tridimensional son: 
1) la conformación: la geometría estática en un sistema de coordenadas tridimensional; 
2) la flexibilidad: la existencia de diversas conformaciones intercambiables; 
3) la dinámica: la flexibilidad a lo largo de un intervalo de tiempo (en la escala de ns). 
En los carbohidratos se pueden definir tres grados de libertad conformacional que se 
corresponden  con las fluctuaciones de los ángulos torsionales Φ, Ψ y ω. 
Debido al carácter promedio de las medidas de resonancia, es oportuno acompañar a los 
datos experimentales de cálculos de dinámica molecular para generar una serie de 
estructuras cuyo comportamiento conformacional permite reproducir los datos 
experimentales. 
Hoy en día se han desarrollado numerosos softwares y campo de fuerzas para el estudio 
de distintas moléculas. Para los carbohidratos existen diferentes campos de fuerza con 
diferentes conjuntos de parámetros que ofrecen distintos niveles de aproximación y 
precisión. Los cálculos de dinámica molecular estudian la posición de cada átomo en un 
intervalo específico de tiempo; el movimiento se puede ver como un conjunto de 
traslaciones, rotaciones y vibraciones de los átomos relacionadas con la temperatura y 
presión del sistema. 
Es necesario considerar también los movimientos internos que pueden alterar la 
conformación de la molécula, en particular la rotación de los ángulos torsionales y el 
potencial electrostático que gobierna las interacciones entre la molécula y el entorno, 
por ejemplo disolvente o otra molécula formando complejos. 
Los trabajos de investigación presentados en esta memoria utilizan las dos técnicas para 
llevar acabo un estudio completo. En todos los casos se han utilizado experimento 2D 
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TOCSY y 2D-NOESY para una asignación completa de las moléculas y STD y TR-
NOESY para los estudios de formación del complejo. Los datos experimentales son 
soportados por cálculos de dinámica molecular realizados en disolvente explícito 
utilizando el software AMBER y Glycam06 parm99 como campos de fuerzas para los 
carbohidratos y para la proteínas respectivamente.. 
A continuación se resumen brevemente los distintos estudios realizados en esta tesis. 
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1)  Chitin Interactions with Protein Receptors. Mimicking chitin 
 
Entre las distintas funciones biológicas en que participan las lectinas, una es como 
defensa en las plantas contra ataques de agentes patógenos. Existen proteínas capaces de 
formar complejos con quitina, un polisacárido formado por uniones de tipo â-(1-4)- de 
unidades repetitivas de N-acetilglucosamina. La quitina forma parte de la pared celular 
de hongos y del exoesqueleto de algunos invertebrados, como insectos y artrópodos. 
Las actividades fungicidas son propias de algunas quitinasas que poseen un dominio de 
unión a quitina, no catalítico, llamado heveína. La proteína que da nombre a este 
dominio contiene un motivo estructural de 43 residuos rico en residuos de glicina y 
cisteína en posiciones altamente conservadas entre los distintos miembros de esta 
familia de proteínas y organizadas alrededor de un núcleo de tres o cuatro puentes 
disulfuro. 
El dominio de heveína se presenta en numerosas lectinas, como la misma heveína, y en 
la aglutinina del germen de trigo (WGA, wheat-germ-agglutinin), utilizada en nuestro 
estudio que posee una actividad fungicida e insecticida. 
En este trabajo se ha estudiado la conformación en estado libre de un oligosacárido 
sintético, penta â-(1-3)- N-acetilglucosamina con la posición anomérica de la parte no 
reductora bloqueada en conformación â. Se ha investigado también la posibilidad de 
interacción de este pentasacárido con WGA, analizando la parte del ligando que se une 
(el epítopo de unión) con el objetivo de comprender el proceso de reconocimiento 
molecular.           
Los datos obtenidos permiten definir la estructura 3D del oligosacárido mediante un 
confómero, muy mayoritario, que presenta valores de Φ/Ψ en torno a 60/0, con 
fluctuaciones locales en torno a estos valores. Los monomeros de N-acetilglucosamina. 
se mantienes estables con los anillos de piranosa en la conformación de tipo silla 4C1, y 
los sustituyentes acetamido se mantienes en conformación anti con un valor de ángulos 
torsional C2H-NH alrededor de 180º. Los picos de cruce encontrados correspondientes a 
NOE interprotónicos fueron confirmados con la monitorización de las principales 
distancias inter-residuales secuenciales y intra-residuales a lo largo de los 10 ns de 
producción observandose que se mantenían estables y en valores inferiores de 4 Å,. La 
existencia de interacción se analizó por medio de experimentos diferencia de 
transferencia de saturación, STD (saturation transfer difference), que permiten detectar, 
de manera sencilla y fidedigna, la existencia o no de interacción y, en casos favorables, 
el epítopo de reconocimiento del ligando. Los datos de STD y TR-NOESY se 
verificaron mediante experimentos de “docking” utilizando el programa Glide. La 
geometría preferente derivada del “docking” muestra una estructura del complejo en el 
que puede observarse que son los primeros dos residuos del extremo no reductor del 
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pentasacárido los que proporcionan los principales contactos con la lectina y que la 
conformación en disolución del oligosacárido permite explicar los resultados 
experimentales de modo coherente. Las interacciones que se forman entre el ligando y 
el sitio de unión son de tipo puentes de hidrógeno y de apilamiento (“stacking”) con la 
parte aromática de las cadena laterales de los amino ácidos del sitio de unión. Cuando se 
compara el oligosacárido sintético, con enlace de tipo â-(1-3), con el ligando natural, la 
quitina, con enlace â-(1-4),  solo se observa un único modo de unión, de los  varios 
posibiles que existen para oligosacáridos derivados de la quitina. 
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2) Legume Lectins and the symbiotic process:  
Nod Factor perception by LysM domains 
 
Las familias de las Legumbres han desarrollado un complejo sistema de intercambio de 
señales que permite a las bacterias, como Rizobia, de invadir las raíces de las plantas, y 
de formar estructuras donde las bacterias son capaces de convertir el nitrógeno del aire 
en amonio que es necesario para el crecimiento de las plantas. Este proceso fundamental  
es conocido como proceso de simbiosis. En los últimos años el interés sobre este 
proceso esta en aumento debido a las posibilidades que abre de desarrollar nuevos tipos 
de cultivos menos dependientes de un aporte no natural de abonos nitrogenados  
reduciendose de esta manera los costes económicos y, muy importante, medio 
ambientales.. El proceso de simbiosis empieza con el envío de moléculas señales  a las 
bacterias, donde genes específicos son los responsables de producir los factores de 
nodulación (Nod Factors), moléculas compuestas de una cadena oligosacarídica de tipo 
quitina, a la que se conecta una cadena lipídica de un grupo acilo sobre el amino del 
extremo no-reductor y un grupo sulfato esterificando al hidroxilo sobre el C6 del 
extremo reductor. Las moléculas estudiadas en este trabajo son análogos sintéticos del 
factor de nodulación natural de la leguminosa Medicago Truncátula, planta cercana 
familia a la alfalfa y el trebol. Se ha introducido un anillo aromático en la cadena 
lipídica, y se han estudiado variantes con diferente grado de insaturación  en la cadena 
lipídica y distinta  regioquímica en el anillo aromático. Algunas de estas moléculas 
habían mostrado una actividad biológica en algunos casos parecida al compuesto 
natural. El objetivo del presente trabajo se ha centrado en el análisis conformacional 
completo de las estructuras de estas moléculas y relacionarlas con los dato de actividad 
biológicas y en particular, como  estas modificaciones químicas podían afectar la 
estructura global y la orientación relativa de la parte lipídica respecto de la cadena de 
azúcar. El hecho que el receptor natural de los factores de nodulación no ha sido aún ni 
aislado ni siquiera caracterizado ha imposibilitado realizar estudios de reconocimiento 
molecular con estos análogos. 
 Los experimentos 2D-NOESY y 2D TOCSY realizados en agua  y agua deuterada 
fueron utilizados para obtener la asignación completa de las moléculas, seguidamente se 
realizaron las dinámicas moleculares con AMBER en disolvente explícito. Fue 
necesario combinar dos set de parámetros del campo de fuerzas distintos, uno para la 
parte lipídica y otro para la parte de carbohidrato. 
Los resultados han demostrado que la cadena de azucares es bastante rígida con valores 
de  Φ/Ψ en torno a 60/0, con fluctuaciones locales en torno a estos valores. Los anillos 
de piranosa se mantienen estables en una conformación de tipo silla 4C1 y las amidas se 
mantienen in conformación anti con un valor de ángulo torsional C2H-NH alrededor de 
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180. Las distancias inter-residuales e intra-residuales esenciales se han monitorizado a 
lo largo de los 10 ns de producción manteniéndose en valores estables e inferiores a 4 
Å, confirmando los picos de cruces NOE encontrados. La parte lipídica aparece más 
flexible, es necesario crear muchas familias (“clusters”) con porcentajes de 
poblacionales bajos para interpretar las mutiples orientaciones posibles, indicio de una 
extrema flexibilidad. Entre las distintas sustituciones en el anillo aromático, orto-, meta-
y para-, se observa en el primer caso que hay más restricciones y la cadena lipídica está 
más cercana a la parte de azúcar, de hecho es el único ejemplo en que la cadena lipídica 
está a una distancia inferior a 4 Å del extremo no-reductor y es posible detectarlo por 
RMN. 
en cualquier caso, para las otras moléculas no se pueden excluir posibles interacciones 
de tipo Van der Waals entre la dos partes, carbohidrato y lípido, pero no tienen una 
densidad poblacional suficiente para poder ser detectadas por RMN. 
Las distintas insaturaciones en las cadenas lipídicas no introducen ninguna restricción 
significativa a los grados de libertad conformacional, únicamente afectan a la forma 
global de las parte lipídicas. 
En lo que se refiere a la interacción de estas moléculas con el receptor natural, hay que 
mencionar que, hasta la fecha de hoy, el receptor no ha podido ser aislado ni 
caracterizado, ni siquiera identificado de una manera segura. En otras plantas donde se 
ha podido identificar el receptor, se ha encontrado que contienen dominios de tipo 
LysM  capaz de unir oligosacaridos de tipo quitina. Los datos encontrados hasta ahora 
para los sistemas biológicos homólogos estudiados permiten formular la hipótesis que la 
parte  sacarídica es el elemento estructural reconocido, y la parte lipídica modula o 
controla la selectividad del proceso de reconocimiento de los factores de nodulación por 
parte de sus receptores específicos.. 
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3) Human Galectins and Molecular Recognition 
 
Las Galectinas son un grupo de la extensa familia de las lectinas animales que están 
implicadas en numerosos procesos biológicos, desde el control de las interacciones 
entre células a los procesos de adhesión, proliferación y probablemente de apoptosis 
celular. Están también involucradas en la respuesta inmune frente a algunos patógenos,  
en el desarrollo de tumores y en algunos procesos de inflamación. Se encuentran en la 
superficie celular en forma dimérica pero también han sido localizadas  en el citoplasma 
o incluso en el núcleo de las células.  
Las Galectinas pueden existir como monómeros, como la galectina-5 y -10, como 
dimeros, galectina-1, -2, -11, -13 y 14. Algunas están constituidas de dos dominios 
homólogos y unidos entre si de una cadena polipeptidica, como la galectina-4, -6, -8, -9. 
La única excepción es la galectina-3 que se ha clasificado como quimérica ya que posee 
un dominio de reconocimiento de carbohidratos y un dominio de tipo lectina N- o C- 
termínal importante para la oligomerizacion. 
Reconocen sacáridos que contienen galactosa y las afinidades relativas pueden ser 
diferentes en función del origen de la galectina.  
Dada la importancia que tienen las galectinas en muchos de los procesos arriba 
mencionados, en los últimos años se han investigado numerosas moléculas como 
potencilaes glicomimeticos de los ligandos naturales, con objeto de inhibir o modular 
los procesos en que estas lectinas estan involucradas. Se han desarrollado miméticos 
buscando tanto la resistencia a la hidrólisis y degradación en medios fisiológicos, como 
otras posibles conformaciones y geometrías que sean capaces de unirse a las galectinas 
con mayor afinidad.  
En este trabajo se ha estudiado la conformación de tio-glicosidos de tipo Gal-S-Gal (D-
galactopyranosyl-â-D-thiogalactopyranoside) y Gal-S-S-Gal (D-galactopyranosyl-â-D-
dithiogalactopyranoside) y su capacidad de unirse a la galectina-1 humana. La 
galectina-1 es un de los miembros más estudiado de esta familia y juega un rol muy 
importante en numerosos tejidos en estados tanto normales como patológicos, tiene un 
papel importante en el desarrollo de cáncer y  en la trasmisión de las señales 
relacionadas con la diferenciación y regeneración muscular, regeneración nerviosa y  
enfermedades neuro-degenerativas. 
Con el objetivo de demostrar la capacidad de unión de estos glicomimeticos con las 
galectinas y en particular con la galectina-1 se han aplicado diversas estrategias basadas 
en RMN y dinámica molecular. 
Los resultado de los experimentos de RMN han puesto en evidencia la capacidad de 
unión a la galectina-1 de los dos miméticos estudiados, mostrando un mayor afinidad 
del Gal-S-Gal en comparación con el Gal-SS-Gal. Los datos de resonancia están 
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soportados por los cálculos de dinámica molecular, realizados para ambos compuestos 
tanto en estado libre como en estado asociado. 
En estado libre los dos ligandos tienen más libertad conformacional que el 
correspondiente O-glucósido, la presencia de azufre hace que el efecto anomérico, aún 
estando presente, sea menos marcado, permitiendo la presencia de conformaciones  
distintas de la sin-. La torsión (ù) asociada al grupo hidroximetilo 6, mantiene las 
conformaciones gt y tg, que se corresponden con las más estables en agua para una 
configuración tipo galactosa. En estado asociado la conformación reconocida 
corresponde a la conformación exo-anomérica, que en el caso del Gal-S-Gal puede 
formar más enlaces de puentes de hidrógeno que el Gal-SS-Gal, no solo con la unidad 
de galactosa que entra en el sitio de unión sino también con la segunda unidad. 
Para ambos miméticos, la unidad de galactosa que entra en sitio de unión presenta 
también interacciones de tipo “stacking” Ch-Pi con el anillo aromático del triptofano 
presente en sitio de unión. Durante las dinámicas realizadas con el complejo galectina-
Gal-S-Gal no se detectan moléculas de agua estructurales, que hagan de puente entre el 
ligando y las cadenas laterales de los amino ácidos en el sitio de unión, mientras que 
para el ligando con el enlace disulfuro, Gal-SS-Gal, se ha podido detectar una molécula 
de agua que forma un puente entre dos cadena laterales del sitio de unión, que en el caso 
del Gal-S-Gal estaban implicados en la formación de enlaces de hidrogeno con el 
hidroxilo YY del ligando. 
Estos resultados permiten proponer un modelo del tipo de interacción entre estos dos 
sistemas y facilitan una mejor interpretación de los datos experimentales de RMN. 
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Riassunto 
 
Dalla fine del secolo scorso, la ricerca sui carboidrati e glucoderivati si ha esteso in 
maniera considerevole, vista la loro partecipazione chiave in numerosi processi 
biologici, come nelle interazioni cellula-cellula, sviluppo cellulare e fertilizzazione. I 
processi che coivolgono un reconoscimento a livello molecolare tra proteine e 
carboidrati partecipano e regolano la biosintesi e il folding di glicoproteine. 
Per questa ragione è cresciuto in maniera considerevole l’interesse verso i carboidrati e 
conseguentemente si sono sviluppate diferente tecniche per ottenere informazioni su 
questo tipo di processi di riconoscimento fondamentali per la vita. 
In natura, tra le biomolecole che la costituiscono, i carboidrati son tra i componenti più 
abbondanti, sono in grado di generare diverse strutture con differente grado di 
complessità. Questo è possibile grazie alla presenza di numerosi punti di allungamento, 
generando strutture lineari o ramificate  (oligosaccaridi e polisaccaridi), hanno la 
capacità di generare differenti stereochimiche (anomero alfa e beta), diversi tipi di 
regiochimica a seconda del legame glicosidico che unisce le diverse unità, differente 
configurazioni dell’anello ( piranosa,furanosa) e infine la presenza di sostituenti in 
diverse posizioni. Dal punto di vista chimico, i carboidrati sono molecole che 
possiedono una parte polare ( per la presenza dei gruppi idrossilici –OH) e una parte 
apolare ( per la presenza dei gruppi –CH), il carattere anfifilico permette l’esistenza di 
diversi tipi di interazioni. 
Grazie  a queste proprietà, i carboidrati sono capaci di codificare e trasmettere 
informazioni tra le biomolecole formando complessi con lectine, enzimi, tossine, 
anticorpi con un alto grado di specificità.  
Per comprendere le regole del riconoscimento molecolare è importante, innanzitutto, 
conoscere la struttura tridimensionale dei carboidrati e delle biomolecole prima della 
formazione del complesso en el momento in cui lo formano, i termini enrgetici di questo 
proceso e le proprietà dinamiche che lo governano 
Tra le principali tecniche che vengono utilizzate per lo studio strutturale dei carboidrati 
nello stato libero ci sono: la Resonanza Magnetica Nucleare (NMR), la cristallografia a 
raggi X e la microcalorimetria. Una delle caratteristiche dei carboidrati consiste nella 
estrema flessibilità che li rende particolarmente difficili da cristallizzare rendendo la 
NMR la tecnica più adeguata per lo studio in soluzione di questo tipo di molecole. 
La NMR è una delle tecniche più sviluppate per lo  studio della struttura e della 
dinamica di biomolecole. Negli ultimi hanno si sono sviluppate nuove sequenze per 
ottenere informazioni strutturali e la possibilità di accedere a campi magnetici più 
elevati ha aumentato considerevolmente la accuratezza e la precisioni delle informazioni 
accessibili per uno studio in stato libero e associato. 
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Negli ultimi venti anni tutti questi avanzamenti hanno permesso di aprire nuove 
prospettive nel campo del disegno e sintesi di farmaci capaci di favorire o inibire 
importante funzioni biologiche.  
L’obbiettivo del lavoro presentato consiste nello studio tridimensionale di oligosaccaridi 
sintetici e delle loro proprietà strutturali in stato libero o, quando era accessibile un 
recettore, nello stato associato. 
Per le caratteristiche strutturali delle molecole, oggetto di studio, i parametri 
sperimentali ottenuti per NMR devono essere supportati da calcoli di dinamica e 
meccanica molecolare per poter valutare le possibili popolazioni conformazionali 
esistenti. 
La comparazione tra i dati teorici di dinamica molecolare e i dati di NMR sperimentali 
permette di razionalizzare le strutture tridimensionali corrispondenti ai minimi 
conformazionali. 
 
Nello studio di oligosaccaridi, i termini che devono essere presi in considerazione per 
definire una struttura tridimensionale sono:  
1) La conformazione: la geometria statica in un sistema di coordinate 
tridimensionali; 
2) La flessibilità: la esistenza di diverse conformazioni intercambiabili; 
3) La dinamica: la flessibilità considerata in un intervalo di tempo ( scala dei ns). 
Nello studio dei carboidrati si possono definire tre gradi di libertà conformazionali che 
corrispondono alle fluttuazioni degli angoli torsionali Φ, Ψ y ω. 
In seguito al fatto che le misure di resonanza magnetica generano valori medi come dati 
sperimentali, è opportuno accompagnarli con calcoli di dinamica molecolare per 
generare una serie di strutture che siano in grado  di riprodurre il valore medio dei dati 
sperimentali.  
Negli ultimi hanno si sono sviluppati numerosi software e campi di forza per questo 
scopo e per lo studio delle diverse molecole. Per i carboidrati esistono attualmente 
diversi campi di forza con un diverso insieme di parametri che offrono diversi livelli di 
approssimazione e precisione. I calcoli di dinamica molecolare studiano la posizione di 
cada atomo in uno specifico intervallo di tempo; il movimento può essere inteso come 
un insieme di traslazioni, rotazioni e vibrazioni degli atomi in relazione alla temperatura 
e pressione del sistema. 
E’ necessario considerare anche la presenza di movimenti interni che possono alterare la 
conformazione di una molecula, come ad esempio la rotazione di un angolo torsionale 
che influenza la carica parziale attribuibile ad un determinato atomo e che si riflette nel 
calcolo del potenziale elettrostatico che governa le interazioni tra la molecole e l’intorno 
(solvente o formando un complesso). 
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I progetti presentati in questa memoria hanno usufruito di due tecniche per effettuare 
uno studio completo. In tutti I casi si hanno utilizzato esperimenti di tipo 2D TOCSY e 
2D-NOESY per ottenere la assignazione della molecola, STD e TR-NOESY per lo 
studio della formazione del complesso. I dati sperimentali vengono accompagnati da 
calcoli di dinamica molecolare realizzati con il software AMBER e Glycam06 e parm99 
come campi di forza per carboidrati e proteine respectivamente. 
A continuazione si riassumono brevemente i diversi studi realizzati in questa memoria.  
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1)  Chitin Interactions with Protein Receptors. Mimicking chitin 
 
Tra le distinte funzioni biologiche in cui partecipano le lectine, una riguarda la difesa 
delle piante da attacchi di agenti patogeni. Esistono proteine capaci di formare 
complessi con chitina, un polisaccarido formato da unità ripetitive di N– 
acetilglucosammina con un legame di tipo â-(1-4). La chitina forma parte della parete 
cellulare di funghi e dell’exo-scheletro di alcuni invertrebati come insetti e artropodi. 
La actività funcicida è propia di alcune chitinasi che possiedono un dominio di unione a 
chitina, no catalítico, chiamato heveina. La proteína che da nome a questo dominio 
contiene un motivo strutturale di 43 residui ricco in glicina e cisteina, situate in 
posizioni altamente conservate tra i diversi membri che fanno parte di questa familia, 
organizzate intorno ad un nucleo di tre-quattro ponti di disulfuro. 
Il dominio de heveina è presente in molte lectine, come nella stessa heveina, o nella 
WGA, agglutinina di germe di grano, (wheat-germ-agglutinin), utilizzata in questo 
studio,che possiede attività fungicida e insetticida. 
In questo lavoro è stata studiata la conformazione in soluzione di un oligosaccarido 
sintetico, penta â-(1-3)- linked N-acetilglucosamina, dove la posizione anomerica nella 
parte riducente è stata bloccata in conformazione beta. Anche la possibile interazione di 
questo oligosaccarido con WGA è stata oggetto di studio, è stato analizzata la parte del 
ligando che interagisce con la WGA, con l’obiettivo di comprendere a fondo il proceso 
di riconoscimento molecolare. 
Si può concludere che la struttura 3D dell’oligosaccarido si può descrivere mediante un 
conformero maggioritario, che presenta valori di Φ/Ψ in torno a 60/0, con leggere 
fluttuazioni locali intorno a questo valore, le sedie si mantengono stabili in una 
conformazione di tipo tipo 4C1, le ammidi mantengono una conformazione anti con 
valori dell’angolo torsionale intorno a 180, le principali distanze inter-residuali 
sequenziali e intra-residuali sono state monotorizzate durante i 10 ns di produzione 
mantenendo valori stabili e inferiori a 4 Å, confermando i contatti NOE incontrati. 
La esistenza de una interazione è stata analizzata per mezzo si esperimenti di STD 
(saturation transfer difference),  che permette detettare in maniera fiabile la esistenza di 
una interazione e che permette di valutare l’epitopo di riconoscimento del ligando. I dati 
di STD sono stati verificati attraverso simulazioni di docking utilizando il programa 
Glide. Il risultato proposto da questo programma mostra una struttura in cui 
interagiscono il residuo del terminale non riducente e la unità contigua del 
pentasaccarido, e conferma che la conformazione in soluzione può spiegare i dati di 
interazione. Le interazioni che si formano tra il ligando e il sito di unione sono di tipo 
ponte a idrogeno e stacking con la catena laterale dei residui aromatici presenti nel sitio 
di unione.  
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 Quando si compara il ligando naturale, la chitina, con il derivati sintetico, si può 
osservare che questo ultimo presenta un solo modo di unione mentre che la chitina può 
unirsi in distinta maniera. 
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 2) Legume Lectins and the symbiotic process:  
Nod Factor perception by LysM domains 
 
La familia de Legumi ha sviluppato un complesso sistema di intercambio di segnali che 
permette ai batteri, come Rizobia, di invadere le radici delle piante e di formare strutture 
dove i batteri sono capaci di trasformare l’azoto nell’aria in ammoniaca necessaria per 
una migliore crescita della pianta. Questo proceso fondamentale è conosciuto come 
proceso di simbiosi, oggi l’interesse verso questo proceso naturale è aumentato 
considerevolmente dovuto a la necessità di sviluppare nuovi tipi di coltivazioni meno 
dannose per il medio ambiente. 
Il processo di simbiosi inizia con l’invio di molecole segnali ai batteri, dove geni 
specifici sono i responsabili di produrre i fattori di nodulazione (Nod-Factors), molecole 
composte di una catena oligosaccaridica di tipo chitina, a cui si lega una catena lipidica 
all’estremo non riducente e un grupo sulfato esterifica la posizione  sei dell’estremo 
riducente. 
Le molecole oggetto di studio in questo lavoro sono di origine sintetica, nella struttura è 
stato introdotto un anello aromatico nella catena lipidica, sono state sintetizzate e 
studiate varianti con distinto grado di insaturazione nella catena lipidica e distinta 
reqiochimica sull’anello aromatico. 
Alcune di queste molecole hanno mostrato una attività biologica simile a quella del 
composto naturale. L’obbiettivo di questo lavoro consiste nell’analisi conformazionale 
completa della struttura di queste molecole per poterla relazionare con i dati di attività 
biologica e in modo particolare come le modificazioni chimiche potessero influire sulla 
struttura globale e sulla orientazione della parte lipidica e zuccherina in assenza di un 
recettore. 
Gli esperimenti 2D-NOESY e 2D TOCSY in acqua e acqua deuterata sono stati 
utilizzati per una assignazione completa delle  molecole, successivamente si è realizzato 
una dinámica molecolare con AMBER in solvente esplicito, dove è stato necesario 
utilizzare due distinti set di parametri per la parte glicosidica e per la parte lipidica. 
I risultati hanno mostrato che la catena di zuccheri è nelcomplesso rigida con valori di  
Φ/Ψ in torno a 60/0, con leggere fluttuazioni local intorno a quetso valore, le sedie si 
mantengono stabili in una conformazione di tipo tipo 4C1, le ammidi mantengono una 
conformazione anti con valori dell’angolo torsionaale intorno a 180, le principali 
distanze inter-residuali sequenziali e intra-residuali sono state monotorizzate durante i 
10 ns di produzione mantenendo valori stabili e inferiori a 4 Å, confermando i contatti 
NOE incontrati . 
La parte lipidica resulta più flessibile, i cluster creati per comprendere l’orientamento di 
questa parte nello spazio, mostrano percentuali di popolazione piuttosto bassi, indice di 
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una estrema flessibilità. Le distinte sostituzioni fanno in modo che tra il sostituente orto- 
e para- il primo possieda più restrizioni e sia più vicino alla parte zuccherina. 
Le distinte insaturazioni nelle catene lipidiche non introducono nessuna restrizione 
significativa ai gradi di libertà conformazionali, però influiscono sulla forma globale 
della parte lipidica. 
Per quanto riguarda la interazione di queste molecole con un recettore naturale, fino al 
giorno di oggi non si è potuto chiarire, isolare e caratterizzaare nessun tipo di recettore. 
In altre piante si è potuto identificare un recettore, e si sono incontrati domini di tipo 
LysM capaci di unire oligosaccaridi di tipo chitina. I dati incontrati fino ad ora per il 
sistema biologico studiato permettono di formulare la ipotesi che la parte che viene 
riconosciuta dal recettore sia la parte saccaridica mentre la parte lipidica modula la parte 
del ligando che viene riconosciuta. 
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3) Human Galectins and Molecular Recognition 
 
Le galectine sono un grupo della estesa familia delle lectine animali che sono implicate 
in numerosi processi biologici come il controllo delle interazioni tra cellule, i processi 
di adesione, proliferazione e probabilmente di apoptosi della cellula. Sono anche 
implicate nella risposte immune ad alcuni agenti patogeni, nello sviluppo di tumori e in 
alcuni processi di infiammazione. Si possono incontrare nella superficie cellulare in 
forma dimerica ma  sono anche state localizzate nel citoplasma e incluso nel nucleo 
della cellula. 
Le galectine possono esistere come monomeri, come la galectina-5 e -10, come dimeri 
come la galecttina-1,-2,-11,-13 e -14. Alcune sono costituite da due domini omologhi e 
uniti tra di loro da una catena polipeptidica come la galectina-4,-6,-8,-9.  
L’unica eccezione è la galectina-3 che è classificata come chimerica e possiede un 
dominio di tipo lectina N- o C- terminale importante per la oligomerizzazione.La 
affinità relativa rispetto agli zuccheri che contengono galactosa può essere diferente in 
funzione della origine della galectina.  
Data l’importanza che hanno in Natura, negli ultimi anni si sono sviluppate e studiate 
numerose molecole come glicomimetici in grado di inibire processi fiondamentali in cui 
questa clase di proteine è implicata. Si hanno sintetizzato  mimetici resistenti 
all’idrolisi, e in grado di poter assumere distinte conformazioni rispetto all’analogo 
naturale per esplorare altre possibilità di unione. 
In questo lavoro sono state studiate le conformazioni di tioglicosidi di tipo Gal-S-Gal 
(D-galactopyranosyl-â-D-thiogalactopyranoside) e Gal-S-S-Gal (D-galactopyranosyl-â-
D-dithiogalactopyranoside) e la loro capacità di formare un complesso con la galectina 
umana 1. La galectina-1 è uno dei membri maggiormente studiati di questa famiglia e 
gioca un ruolo importante nello sviluppo di tumori, rigenerazione nervosa e patologie 
neurodegenerative.  
L’obbiettivo di questo lavoro è dimostrare la capacità di unione di questi glicomimetici 
con la galectina per NMR e dinamica molecolare. 
I risultati per NMR hanno messo in evidenza la capacità di unione dei due mimetici, con 
una affinità maggiore per il Gal-S-Gal che per il Gal-SS-Gal, le dinamiche molecolari 
effettuate in stato libero e formando il complesso con la galettina mostrano una 
maggiore flessibilità dei due mimetici rispetto all’analogo naturale (la lactosa). 
La presenza del solfuro diminuisce l’effetto anomerico rendendo possibile la 
formazione di conformazioni distinte dalla sin-. La posizione in sei mantiene la 
conformazione gt e tg, le più stabili per una galactosa in soluzione. Quando forma il 
complesso  la conformazione che si unisce è quella che corresponde alla exo-anomerica, 
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la Gal-S-Gal può formare più ponti a idrogeno rispetto alla Gal-SS-Gal, non solo con la 
prima unità che entra nel sito de unione ma anche con la seconda unità. 
La unità di galactosa che entra nel sito di unione forma legami a ponte di  idrogeno e di 
tipo stacking con la catena laterale degli ammino acidi presenti nel binding pocket.  
Durante la dinamica per il  Gal-S-Gal non si detettano molecole di acqua strutturale che 
formano legami a ponte tra il ligando e la proteina, invece per il Gal-SS-Gal è stata 
incontrata una molecola di acqua che forma un ponte tra due catene laterali nel sito di 
unione, che nel caso del Gal-S-Gal erano impegnate a formare legami a ponte di 
idrogeno con il ligando. 
I risultati di dinamica molecolare mirano a proporre un modelo di interazione tra questi 
due sistema per una migliore interpretazione dei dati sperimentali di NMR. 
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The methodologies employed along this Thesis have been employed to further support 
the work performed for other members of the group along these years. 
In particular, I have also collaborated with Joao Ribeiro, in the study of the interaction 
of cyclodextrins with aromatic and fluoroaromatic molecules. This work is gathered in 
one publication in Eur. J. Org. Chem., which is presented in ANNEX I 
 
Moreover, and intimately related with my work on Nodulation factors, I 
deeplycollaborated with Valentina Gargiulo and Cristina de Castro in 
 setting up the molecular dynamics protocol employed to understand the conformational 
behaviour and dynamic features of hyaluronic acid and its fragments. As exhaustively 
described in the Thesis, the MD data was employed to interpret the NMR data and, in 
this particular case, theNMR/MD combination permitted to quantitative limit the 
available conformational space to hyaluronic acid. This work will be disseminated in 
two publications. 
 The first one hasbeen accepted in Glycobiology, and is presented in ANNEX II. The 
second one is still under preparation. 
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Abstract.  
The conformational features of hyaluronic acid, a key polysaccharide with important 
biological properties, have been determined through the combined used of NMR spectroscopy 
and molecular modeling techniques. A decasaccharide fragment of sodium hyaluronate was 
submitted to 3.5 ns of molecular dynamics in explicit water environment form. The same 
decasaccharide was prepared by hyaluronidase digestion for the experimental study. The 
approach consisted in the measurements of NMR Residual Dipolar Coupling which were used 
to filter the Molecular Dynamics data, by retaining those structures which were in agreement 
with the experimental observations. Further analysis of the new conformer ensemble (HARDC) 
and clustering the molecules with respect to their overall length led to seven representative 
structures, which were described in terms of their secondary motifs, namely the best fitting 
helix geometry. As result, this protocol permitted to assess that hyaluronic acid can adopt two 
different arrangements, which can be described by a three- or four-folded left-handed helix, 
with a higher occurrence of the first one. 
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Introduction 
Hyaluronic acid (HA) is a linear anionic polysaccharide characterized by a disaccharide 
repeating unit [4)-D-β-GlcA-(1→3)-D-β-GlcNAc-(1→], and by a high molecular weight (105-
107 Dalton). It belongs to the glycosaminoglycans family like chondroitin sulfate, dermatan 
sulfate, heparan sulfate, heparin, and keratan sulfate. Unlike these polysaccharides, HA is not 
sulfated and it is not linked to a core protein. It is present in the extracellular matrix (ECM) of 
higher animals but is also a significant component of some bacterial polysaccharides.  
The original description dates 70 years ago, when HA was classified as an inert space-filler 
polysaccharide. However, the discovery of a large number of hyaluronan binding proteins 
(hyaloadherins) revealed that HA takes part in many biologically important processes (Day 
and Prestwich 2002). In the ECM at the surface of eukaryotic cells, HA interacts with a large 
array of cell-surface receptors and it plays a key role in the activation of various intracellular 
signaling cascades, of importance in both physiological and pathological conditions. These 
abilities are also related to its size: high-molecular weight hyaluronan is found in healthy 
tissues, while HA breakdown products signal that injury has occurred, and activate the 
recruitment of monocytes and lymphocytes in the wound site, and the expression of 
inflammatory cytokines (Stern et al. 2006). 
Consequently, hyaluronic acid is a polysaccharide constantly under study, and many efforts 
have been dedicated to the description of its three-dimensional structure, a key parameter for 
the elucidation of its rheological properties (Hardingham 2004) or its interaction mechanism 
with hyaloadherins (Day and Mascarenhas 2004). The detailed structure of this 
macromolecule has been defined by crystallographic data on polysaccharide fibers and films 
(Sheehan and Atkins 1983). Moreover, the combined use of molecular modeling and NMR 
spectroscopy has also permitted to elucidate some conformational features (Almond et al 
2006). The crystallographic analyses have revealed that HA oligomers exhibit a regular helical 
conformation whose features depend on the nature of the counterion, and on the pH; 
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generally, the found conformations can be depicted as left-handed helices, with three- or four-
folded periodicity (Sheehan and Atkins 1983). Molecular modeling demonstrated that the 
interconversion between the different helix shapes only requires limited conformational 
modifications at the glycosidic linkages with low associated energy costs (Haxaire et al 2000). 
The NMR spectroscopy analysis in solution yielded to the same results, suggesting that the 
preferential conformation of the molecule was the four-folded helix (Almond et al 2006). 
At this point, it must be evidenced that the NMR-based conformational analyses in solution 
performed so far have employed NOEs and scalar couplings to deduce the conformational 
information. Given the chemical nature of HA, a linear polysaccharide, these NMR 
parameters can only provide local structural information, at short range. NOEs sample 
interproton distances shorter than 4-5 Å, while scalar couplings provide torsion angle 
restraints only for groups of atoms separated by three bonds. Therefore, the direct information 
available only focuses on a small area of the compound under study.  
In recent years, it has been proposed that this “classical” NOE/J-based approach can be 
complemented by measuring Residual Dipolar Couplings (RDC). This parameter can be 
measured by placing the molecule in a weakly orienting medium, field aligned, and permits to 
measure the orientations of the vectors joining two NMR-active nuclei with respect to the 
magnetic field. In this manner, global structural information throughout the molecule can be 
extracted (Lipsitz and Tjandra 2004), and used for conformational analysis as successfully 
reported for different molecules, including carbohydrates and even glycosaminoglycan 
oligosaccharides as dermatan (Silipo et al 2007) and heparin (Hricovíni et al 2009). 
For water-soluble compounds, the most used aligning media are bicelles, micelles, bacteria 
phages, cellulose crystals and n-alkyl-poliPEG-alcohol mixtures (Yan and Zartler 2005). For 
all of them, the alignment effect is the result of steric and electrostatic interactions of the 
solutes with the medium, which hopefully do not modify their conformational behavior. When 
neutral media are used, the electrostatic contribution can be neglected, so that the alignment 
 at R
ed de Bibliotecas del CSIC on M
ay 10, 2010 
http://glycob.oxfordjournals.org
D
ow
nloaded from
 
5 
 
reflects the asymmetries in the shape of the molecule and its tensor of inertia encodes the 
structural information (Azurmendi and Bush 2002). 
In this work, RDC data for a hyaluronic acid decasaccharide (HA10) have been collected in 
anisotropic conditions, using a neutral crystalline medium. The obtained RDC values have 
been used to restrain the number of conformer generated by MD simulations. The conformer 
ensembles matching the RDC measurements were analyzed through different tools (MSpin 
2009, MacroModel XCluster 2009, and POLYS (Engelsen  et al 1996)), leading to two 
different helical structures. 
 
Results and Discussion 
Experimental NMR data acquisition.- HA was depolymerized by enzymatic treatment 
(Tranchepain et al 2006) and the target decasaccharide (Figure 1) was isolated by 
chromatographic purification.  
The NMR analysis of HA10 was first performed under isotropic conditions, via 1D and 2D 
NMR. The buffer used in the experiment is phosphate buffer (PB, 10 mM) resulting in the 
sodium hyaluronate form. The spectral analysis led to the complete assignment of the 1H and 
13C chemical shifts (Table 1 in Supporting Information): signals belonging to the reducing 
(figure 1, unit L) and not reducing (figure 1, unit A) ends of the oligomer were distinct from 
those inside the molecule (units B-I), which collapsed in equivalent sets of resonances. The 
found values were in agreement with those reported for shorter oligomers (Blundell et al 
2006). The analysis of the coupled gHSQC also led to the determination of the 1JC,H values for 
each carbon signal.  
Then, in order to measure the RDC (1DC,H) values, a ternary mixture constituted by PB, 
pentaethylene glycol mono-octyl ether (C8E5), and n-octanol was employed as solvent for 
HA10 (Rückert and Otting 2000).  
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Estimation of the residual dipolar coupling carbon-proton constants (1DC,H) was performed 
through the measurement of the splitting of the corresponding 1H-13C correlations in the 
coupled-HSQC spectra recorded under both conditions, isotropic (PB) and anisotropic (the 
medium described above). Then, the 1DC,H constants (Table 1) were calculated as the 
difference between the measured splittings in the anisotropic (1JCH + 1DCH) and isotropic 
(1JCH) conditions. In the anisotropic medium, GlcNAc C-6 residual dipolar coupling could not 
be evaluated due to the overlapping with the crystalline medium signals; similarly GlcA C-2 
and GlcNAc C-5 signals partially overlapped, precluding the estimation of their 1DCH values.  
Therefore, 1DC,H were calculated for C-1, C-3, C-4 and C-5 of the GlcA units, and for C-1, C-
2, C-3 and C-4 of the GlcNAc moieties (Table 1). As described below, these experimental 
values were compared with those estimated with MSpin (MSpin 2009) for the conformational 
ensemble obtained via MD simulations. 
MD simulations.- With the use of Amber program (Case et al 2006) together with Glycam06e 
force field (Woods et al 1995), a 3.5 ns molecular dynamics trajectory was obtained for HA 
decasaccharide in explicit water in the presence of neutralizing sodium cations. A preliminary 
control of the quality of the MD data was performed by analyzing the energy parameters of the 
system (potential, kinetic and total energy, plus temperature, density and other physical data, 
as gathered in Figure S1, in supporting information) and the stability of the conformational 
ensemble could be checked. 
The MD data were further validated by additional analysis. It was assessed that all the 
pyranose rings maintained the 4C1 conformation, as indicated by the trajectories of the 
intraresidual H-1/H-3 and H-1/H-5 distances, which were constant around 2.7 and 2.5 Å, 
respectively. The amidic HN proton adopted always the typical anti orientation with respect to 
H-2 of GlcNAc. Similarly, for the N-acetyl moiety, the carbonyl group was always anti with 
respect to the amidic proton, whereas the carboxylate plane was almost parallel to the C-5/H-5 
bond. The torsion angle values of all glycosidic linkages display limited variation around the 
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main energy minimum as defined previously by the energy map of each disaccharide linkage 
(Haxaire et al 2000). The Φ value is almost always in agreement with the exo-anomeric effect 
(Lemieux et al 1979), as indicated by the scattered plots (Fig 2 and figure S2 in supporting 
information). Only some brief visit to an anti-conformation are observed for the (1→3) 
linkage of residue I close to the reducing end disaccharide. 
In this context, the averaged inter-residual distances between the protons around the 
glycosidic linkages were consistent with the experimentally observed NOEs (data not shown). 
All the above controls demonstrated the accuracy of the protocol and the employed force field. 
Thus, the conformation ensemble, referred as HATOT, was considered for further analysis. 
RDC refinement of the conformer population obtained by Molecular Dynamics.- The MSpin 
software, through the application of the TRAMITE procedure (Azurmendi and Bush 2002), 
was used to select those MD-based conformers with expected RDC close to those 
experimentally measured. The comparison of the simulated RDC with those provided 
experimentally (Table 1) permitted to rate each molecule, as well as the total and partial MD 
ensembles, with a quality factor Q. Low Q values indicated a close agreement between the 
theoretical and experimental RDC values. 
The whole MD simulation responded with an averaged Q factor of 0.58. The analysis showed 
the occurrence of conformers with expected RDC far from the experimental values (Q up to 
0.96). Therefore, a Q value of 0.5 was selected and used as threshold to filter out those frames 
whose estimated RDCs were not consistent with the observed ones. The new Q factor, for the 
new MD ensemble dubbed HARDC, was 0.41. The HARDC ensemble contained 571 frames 
(33% of the original data). RDCs were simulated on this new pool of structures and a better 
agreement with the experimental values was found as expected (Table 1), finally the new 
ensemble, HARDC, was used for further analysis.  
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Comparison of the total and RDC-filtered dynamic data.-In order to understand the effect of 
the RDC filtering on the simulation data, HATOT and HARDC were compared, paying attention 
to the behavior of the Φ, Ψ dihedrals and to the head-to-tail distance (referred as DIS). 
Considering HATOT first, for a given type of linkage, either 1→3 or 1→4, the Φ/Ψ scattered 
maps (figure 2 and S2) were similar and showed one main large distribution; additionally, the 
time-dependent trajectories (figure 3 and S3) showed that the behavior of each angle was not 
correlated with the other ones: actually, each Φ (or Ψ) moved within its allowed values, 
without persisting in any specific state, and with a time behavior apparently unrelated to that 
of the other dihedrals. 
The head-to-tail distance (DIS) was considered as well. This value was estimated by 
measuring the distance between the anomeric oxygen of the reducing GlcNAc L (figure 1) and 
the oxygen at position four of the GlcA, at the non reducing terminus of the molecule (figure 
1, unit A). Thus, the DIS trajectory (figure 4) showed that this geometry parameter spanned 
from 38 to 52 Å. 
Then, the Φ/Ψ scattered graphics and trajectories from HARDC were superimposed with those 
from HATOT (figures 2, 3, S2 and S3); it can be observed that this graphical comparison did 
not reveal any particular difference among the two sets of data. Apparently, each RDC filtered 
dihedral distribution matched the original sets of values.  
However, the effect of the RDC filter in terms of geometry changes appeared clearly when the 
DIS was considered (figure 4): in this case, the distance variation was restricted to a narrower 
range and varied among 44 and 52 Å. Oligomers with DIS < 44 Å never met the experimental 
selection criteria, whereas only a discrete number of those with DIS within the new range 
were kept. This dramatic selection reflected the fact that only specific combinations of the 
glycosidic torsions responded to the experimental RDC constraints. 
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Clustering of the RDC-filtered ensemble.-As described above, RDC filtering of HATOT 
permitted to reduce the number of conformers to be considered for further analysis to one 
third of the original ensemble. Nevertheless, additional simplification was achieved by 
clustering the HARDC ensemble with the XCluster program (MacroModel XCluster 2009). 
As described in the Experimental Section and in Supporting Information, the selection was 
guided by the Reordering Entropy graphic (figure 5) and the Maximum Size profile (figure 6). 
This protocol allowed the selection of cluster level 515, which contained 57 clusters (see 
methods section), seven of which represented the 70% of the RDC-allowed conformers.  
Inspection of the DIS variations within each cluster (Supporting Information, figure 4) showed 
the XCluster efficiency for the grouping procedure. The selection of this reduced (70%) set of 
conformers restricted DIS variation to a narrower range, from ca. 46 to 50 Å. Indeed, this 
procedure cut out the less populated species at the edges of the DIS distribution, and resulted 
in a fairly limited conformational freedom for HA10 head-to-tail distance range of only 4 Å 
around the mean value of 48 Å.  
In a further step, the analysis was focused by just considering the averaged structure of each 
cluster, which was built by setting the glycosidic dihedral angles to the averaged values 
calculated for the particular cluster considered (Table 2). 
Secondary structure analysis with POLYS.-In order to further compare the distinct 
geometrical features of each cluster, the helical conformational features of each averaged 
oligomer were calculated using the POLYS program (Engelsen et al 1996), which permits to 
evaluate the number of repeating units per helical repeat, n, and the axial rise, h.  
The n values found before optimization were never integer numbers (Table 3), indicating that 
the corresponding conformation was in between a 32 (n=3, 2 is the number of residues of the 
repeating unit) and a four-folded (or 42) helix; h values (Table 3) were always negative 
disclosing the occurrence of left-handed structures. 
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This initial evaluation also pointed out that for increasing DIS values of the oligosaccharide, 
as in cls_61, the three-folded character of the helix was more pronounced, while the four-
folded motif displayed the opposite trend. In a further step, the dihedral angles of each 
oligosaccharide were optimized by fitting the molecule to a regular three- or four-folded helix. 
Importantly, the optimized Φ/Ψ values (Table 3) fell within the dihedral range (for both the 
averaged value and the associated error) defined in Table 2, thus confirming that both the 
three- and four-folded helix geometries were possible. As extension of the previous 
indications pointed out above, the extended conformations of the oligomer adopted the three 
folded helix geometry (Table 3), whereas those with a more compact arrangement (with 
smaller DIS values), were accompanied by switching from the three- to a four-folded helix 
geometry.  
Quantification of three- versus four-folded helical structures.-On the basis of the above 
results, both 32 and 42 helices occurred in the HARDC ensemble. Therefore, quantification of 
the relative participation of the two different geometries, referred as HAn3 and HAn4, was 
performed using the superimposition utility of Maestro (Maestro 2009). In particular, the 
divergence of the coordinates between each conformer of the HARDC ensemble and the 
selected model, HAn3 or HAn4, was expressed as a Root Mean Square Deviation (RMSD) 
value, with the smallest values associated to a higher degree of structural similarity to the 
three or four helix model. RMSD values were then visualized as shown in figure 7. The two 
curves displayed a different growing rate, with that for HAn3 being the slower. This 
information permitted to confirm that the best structural homology was that between the 
HARDC data and HAn3.  
Also, the number of conformers with the “best” similarity to the considered model (the three 
or four helix model) was also derived. Different values of RMSD were used as selection filter, 
and the number of the oligomers within a given limit is reported in table 4. 
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The employment of small RMSD values (< 0.6) selected relatively few conformers with a 
regular n-folded geometry, so it was not considered. On the other hand, the selection of higher 
RMSD values (as 1.0) permitted to define a more populated group, but more divergent from 
the model structure. Thus, an intermediate RMSD value of 0.75 was selected (figure 8) after 
visual inspection of the superimposition between a structure with a given RMSD value and its 
reference model. The 0.75 RMSD value represented a fair compromise, since the selected 
number of conformers was reasonable, while a good structural similarity with the model 
structure was maintained. As a result, the number of structures with a “pure” helical 
conformation within the RDC ensemble followed a HAn3: HAn4 = 29 : 7 ratio, or an 
approximate 4 : 1 ratio, favoring the three-folded helix. 
It should be noticed that the pure three-folded helical conformer accounted only for the 5.1% 
of the HARDC ensemble (Table 4). Nevertheless, this number is only apparently small, since it 
reflects the probability for nine glycosidic junctions (or eighteen dihedrals) to adopt, at the 
same time, the distinctive values for the three-folded helix structure. 
In any case, the analysis carried out herein shows that there is a major population of 
conformers which conform with the experimental results, namely that possesses a pronounced 
three-folded helix character, or that within each molecule, most of the glycosidic linkages 
adopt torsion angle values close to a three-folded helix geometry, with a 4 : 1 proportion with 
respect to those characterizing the four-folded motif. 
Conclusions - The conformation of hyaluronic acid has been studied through the combined 
used of NMR spectroscopic data and molecular modeling techniques.  
Form the experimental side, RDC measurements have been selected as experimental 
restraints, since they provide global structure information and thus have the potential to 
characterize the overall shape of the molecules (Tjandra and Bax 1997). Parallel to the 
experimental NMR data acquisition, a hyaluronate decasaccharide was simulated in explicit 
water and the obtained MD data were filtered with the experimental restrains. The analysis of 
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the new conformer ensemble was simplified by clustering the obtained frames with respect to 
their overall length: this process led to seven representative structures, which were further 
analyzed and described in terms of their secondary motifs, and their ability to best fit certain 
helix geometry. As a result, hyaluronic acid can adopt two different arrangements described 
by a three- or four-folded left-handed helix: the first motif is more elongated and occurs more 
frequently than the second one. 
Indeed, the conformation of hyaluronic acid can be described by considering two different 
geometries, represented by HAn3 and HAn4. Both forms coexist in solution and interconvert 
into each other. The observation of the DIS trajectory from the HARDC data (figure 4) points 
out the continuous variation of the total length of the oligomer. The molecule spends more 
time in an extended conformation, adopting a major three-folded helix geometry. However, 
this motif is not kept continuously and is replaced by a four-folded motif, with a more 
compact and less elongated arrangement of the molecule.  
These information are of paramount importance in the study and comprehension of 
hyaluronan – protein interactions and evidence how subtle variations in the dihedral angles are 
accompanied from a switch from one geometry to another, like from a three- to a four-folded 
helix.  
On the light of this evidence, it is clear that the modulation of HA conformation allows it to 
accomplish the vast plethora of roles in which it is involved. 
 
Material and Methods 
Isolation of the decasaccharide HA10. -Commercial hyaluronic acid (Hyaluronic acid sodium 
salt from Streptococcus equi, Biochemica, 53747), was partially depolymerized using bovine 
testicular hyaluronidase (type I-S, Sigma, H3506), producing oligosaccharide of various 
length. The enzymatic digestion was performed using the conditions reported to obtain HA 
fragments with a molar mass ranging between 2000 and 5000 g/mol (Tranchepain et al 2006). 
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The polymer was dissolved in 0.25 M NaNO3, 5 mM Na2HPO3, pH 4 to a final concentration 
of 5 mg/mL, and treated with Hyaluronidase (1 mg of enzyme for 10 mg of HA, at 37°C for 5 
hours). The enzyme was then denatured, boiling the solution for 15 minutes.  
The resulting mixture of oligosaccharides was then fractionated by SEC using a AcA202 
ultrogel (115 x 1.5 cm, flow 0.2 mL/min, eluent: 0.25 M acetic acid and 0.28 M pyridine in 
water). The fractions collected between 640 and 680 minutes were recovered, reduced under-
vacuum, and desalted on Sephacryl G-10 (95 x 1.5 cm, flow 0.23 mL/min, H2O as eluent). 
MALDI analysis indicated a purity of 98% of the decasaccharide. 
All the chromatographic separations were monitored online with a refractive index 
refractometer (K-2310 Knauer). 
NMR spectroscopy in isotropic conditions.- The decasaccharide (15 mg) was dissolved in PB 
10 mM, pH 7 in D2O, and transferred into the NMR tube. 1H and 1H-13C NMR experiments 
were performed on a Bruker DRX-600 spectrometer equipped with a reverse probe. Spectra 
were calibrated with respect to internal acetone (δH = 2.225 ppm; δC = 31.45 ppm) and 
recorded at 288 K in order to shift downfield the residual HOD peak and to observe the signal 
of the β-reducing GlcNAc end. For all the homonuclear spectra, experiments were measured 
with data sets of 2048 x 512 points, a mixing time of 200, and 120 ms was employed for 
NOESY, and TOCSY, respectively. Each data matrix was zero-filled in both dimensions to 
give a matrix of 4096 x 2048 points, and was resolution-enhanced in both dimensions by a 
shifted sine-bell function before Fourier transformation.  
The HSQC experiment was measured using a data set of 2048 x 512 points, 16 scans were 
acquired for each t1 value, and pulse sequence was optimized for a 140 Hz coupling constant. 
During processing, matrix was extended to 4096 x 1024 points by forward linear prediction 
extrapolation. 
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The coupled-HSQC was performed, and processed in the same conditions listed above, but 40 
scans were acquired. 
NMR spectroscopy in anisotropic conditions.- The saccharide was dissolved in a mixture of 
PB 10 mM, pH 7 in D2O, pentaethylene glycol mono-octyl ether (C8E5), and n-octanol, 
prepared as reported (Rückert and Otting 2000).  
This liquid crystalline system was selected because it is not charged, it is fairly insensitive to 
pH, poorly sensitive to salts, it displays a poor binding ability to macromolecules, and it is 
stable under a wide range of temperatures (0-40°C). In addition, the RDC splitting induced 
from the medium depends on the composition and not on the specific temperature used, as 
other employed systems. 
After optimization for different ratios of the three components, the weight percentage for the 
ratio C8E5/water was of 3%, and the molar ratio of C8E5 to n-octanol was 0.87 w/w. Under 
these conditions, the resulting quadrupolar splitting of the mixture in the 2H-NMR spectrum 
was of 14.8 Hz, while the 1H spectrum kept narrow signals for the sugar resonances. 
The coupled-HSQC experiments were performed using a data set of 8192 x 256 points 
acquiring 140 scans for each t1 value. During processing, matrix was extended to 4096 x 1024 
points by forward linear prediction extrapolation. For both the isotropic and anisotropic 
conditions, three coupled-HSQC experiments were performed. The obtained coupling 
constants were averaged. All NMR spectra were acquired, transformed, and analyzed with 
Topspin 2.1 program. 
MSPIN refinement.- The RDC experimental data were analyzed, and the alignment tensor 
determined with the MSpin software 1.0.1. This program calculates the alignment tensor and 
the theoretical RDC value for both a single conformer or for a conformational ensemble. In 
this last case, the calculated RDCs represent the averaged values over the whole population. 
At the end of the process, each structure is rated with a number, dubbed the quality factor Q. 
Low Q values indicate a close agreement between the theoretical and the experimental values. 
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For a conformation ensemble, the program reports the averaged Q value. Thus, the 1750 
molecular frames, obtained through a MD simulation in explicit solvent, were loaded together 
with the experimental RDC values in the format requested by the employed software. The 
computation algorithm selected for the RDC calculation was TRAMITE (Azurmendi and 
Bush 2002), which assumes that the vectors system of the alignment tensor has the same 
orientation as that of the inertia vector. 
MD of the HA decasaccharide.- The decasaccharide was constructed using the building 
facility offered at the Glycam web page (Woods group (2005-2010)), which provides the final 
coordinates in the PDB format. Charges, bond, angle, and torsion paramenters were taken 
from the Glycam06 force field (Woods et al 1995). Carboxylate groups were set parallel to the 
H-5/C-5 bond, as suggested from the deposited X-Ray structures at the Protein Data Bank (as 
2HYA or 2BVK). The molecule was then treated with the Xleap module of Amber9: the 
global charge of the system was neutralized by adding five sodium ions, and the whole 
molecule was placed within a 11 Å octahedral TIP3P water box (with 6859 solvent molecules, 
for more information the reader can refer to Amber manual). 
System coordinates were then saved and used for the successive calculations using the Sander 
module implemented in Amber9, namely: solvent minimization with strong constrains to the 
solute (constant volume, 500 SD iterations followed by 500 PRCG iterations), minimization 
of the whole system (constant volume, 1500 SD and 1500 PRCG iterations), heating of the 
system up to 288 K with weak constraints to the solute (SHAKE protocol to the C-H bonds, 
constant volume, 100 ps) system equilibration at 288 K (constant pressure, 100 ps), and the 
final producing MD simulation at 288 K, at constant pressure, for a total time of 3.5 ns, and 
collecting 1750 frames. The last MD simulation was divided into 7 steps of 500 ps each. Each 
step was concatenated to the previous one and, at the end, all the frames were mounted 
together on the basis of their increasing simulation time. The simulation was performed using 
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periodic boundary conditions and applying the particle-mesh Ewald approach in order to 
introduce long-range electrostatic effects for a cutoff of 10 Å. 
Conversion from Amber to Maestro coordinates was done by a home-made script.  
XCluster.- The key information on the use of XCluster program, necessary to understand the 
selection criterion of the clustering level 515 are reported in the Supporting Information. 
Creation of the XCluster input file was performed through the Maestro graphical interface, but 
the calculation was performed by starting the program directly. This approach was necessary 
since Maestro facilitated the selection of the conformer family and the setting up of the 
different clustering options, but did not allowed the possibility to select the desired distance as 
criterion. The problem was overcome by creating a temporary input XCluster file with three 
atoms (those defining DIS and a third one), deleting the extra atom in the script with a text 
editor, and directly running the new script with XCluster. Finally, selection of the appropriate 
cluster level was performed by combining the information from the Reordering Entropy with 
those from the Maximum Size graphic (figures 5 and 6, respectively). Figure 6 represents the 
number of conformers present in the most populated cluster found at each clustering level. In 
the present case, it showed that the cls_levels after the entropy minimum, namely from 465 to 
516, contained one main cluster with always the same number of conformers (127). The main 
difference between the different cls_levels (465-516) was related to the number of clusters 
contained (figure 6), that decreased from 107 to 56, respectively. As result of these analyses 
and in order to reduce the number of clusters to be analyzed, the cls_level 515 was selected. It 
contained 57 clusters, with the following ones more populated (number of conformers in 
parenthesis): cls_level_515_1 (127), cls_level_515_3 (92), cls_level_515_6 (61), 
cls_level_515_13 (42), cls_level_515_61 (31), cls_level_515_58 (25) and cls_level_515_20 
(23). These seven clusters represented the 70% of the total HA_RDC conformers and for 
simplicity, they will be referred as cls_1, cls_3, etc. 
 at R
ed de Bibliotecas del CSIC on M
ay 10, 2010 
http://glycob.oxfordjournals.org
D
ow
nloaded from
 
17 
 
POLYS.- In order to evaluate the best fitting helix for hyaluronan oligomers, the POLYS 
monosaccharide database was implemented with the Glycam coordinates of the single 
residues, GlcA and GlcNAc. For our target molecule, POLYS evaluated the best fitting helix 
conformation which was described through the parameters: h, the axial rise per repeating unit, 
and n, the number of unit per helical turn. 
On the basis of the Φ/Ψ values of the repeating unit of the oligosaccharide, the program 
returned a preliminary n value, which indicated the number of repeating units per helical 
repeat. In this initial query, n index was never an integer number (Table 3), but it was 
comprised between 3 and 4, indicating that the oligosaccharide might fit both in a three- and a 
four-folded helix. In the successive optimization procedure, POLYS adjusted each dihedral in 
order to fit the overall conformation of the oligomer in a regular conformation, either three- or 
four-folded.  
Superimposition analysis.-This last analysis was performed by considering two model 
structures, one with a well-defined three-folded helix geometry, named HAn3, and HAn4. The 
two oligomers were built using the dihedral parameters calculated from the more abundant 
cluster cls_1 (Table 3, similar and representative of cls_3 as well), and included in a Maestro 
project, together with the HARDC data ensemble. Then, the superimposition utility of Maestro 
was used to compare each model geometry to the HARDC group of structures. The atoms 
selected for the comparison were those defining the glycosidic junctions of each disaccharide 
pair (O5, C1, O1, Cn and Cn+1). Then, the fit between the coordinates of one selected conformer 
and the model structure was expressed as Root Mean Square Deviation (RMSD), with small 
values indicating that the homology degree between the target and the model geometry 
conformers was fair. 
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Legends to figures: 
 
Figure 1: structure of HA decasaccharide, all residues are D and glycosidic linkages are β 
configured.  
 
Figure 2: scattered graphics and projections of Φ,Ψ values of two representative glycosidic 
junctions of the hyaluronic decasaccharide. Dihedral angles from the total dynamic simulation 
(HATOT) are black, those from the HARDC ensemble are gray. Φ and Ψ are defined as O5-C1-
O-Cn and C1-O-Cn-Cn+1, respectively. 
 
Figure 3: trajectories of selected Φ,Ψ values of two representative glycosidic junctions of the 
hyaluronic decasaccharide. Dihedral angles from HATOT are black, those from HARDC 
ensemble are grey. Φ and Ψ are defined as O5-C1-O-Cn and C1-O-Cn-Cn+1, respectively. 
Abscissa unit is time (ps). 
 
Figure 4: DIS trajectory HATOT (black) and from HARDC ensemble (gray). 
 
Figure 5: reordering entropy graphic obtained analyzing HARDC ensemble with Xcluster. 
Clustering was performed setting DIS parameter as criterion. 
 
Figure 6: Maximum Size graphic obtained analyzing RDC filtered conformer ensemble with 
Xcluster. Clustering was performed using DIS parameter as criterion. 
 
Figure 7: overimposition of the RMSD values obtained comparing HARDC ensemble to HAn3 
(black) or HAn4 (gray) models  
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Figure 8: overimposition of the model compound (cyan), HAn3 (left) or HAn4 (right), with 
three conformers from the RDC filtrated ensemble (orange), each with a different RMSD 
value with respect to the model compound.  
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Tables: 
 
Table 1: Experimental RDC values calculated for the hyaluronic decasaccharide (structure in figure 1). 1DCH are calculated as difference between 
the splitting measured in anisotropic (1JC,H  + 1DC,H) and isotropic (1JC,H) conditions. The theoretical values are also given and were estimated by 
applying MSpin software on HATOT  and HARDC conformational ensembles. 
GlcA 
residue 
Atom 
pair 
Exp. 
1DCHa 
HATOT 
1DCH 
HARDC
1DCH 
GlcNAc 
residue 
Atom 
pair 
Exp. 
1DCHa 
HATOT 
1DCH 
HARDC
1DCH 
Ab C1-H1 6.2 ± 1.0 1.1 5.5 B C1-H1 9.5 ± 2.0 10.9 12.6 
 
C3-H3 13.5 ± 0.9 3.1 8.6  C2-H2 13.0 ± 1.3 10.5 12.2 
 
C4-H4 13.5 ± 1.3 -0.6 5.2  C3-H3 15.8 ± 1.5 10.3 11.9 
 
C5-H5 6.4 ± 0.7 1.9 7.0  C4-H4 13.1 ± 1.3 10.3 12.1 
C C1-H1 6.2 ± 1.0 5.8 6.9 D C1-H1 9.5 ± 2.0 10.5 12.3 
 
C3-H3 13.5 ± 0.9 8.2 9.9  C2-H2 13.0 ± 1.3 10.0 12.0 
 
C4-H4 13.5 ± 1.3 5.7 7.4  C3-H3 15.8 ± 1.5 9.6 11.6 
 
C5-H5 6.4 ± 0.7 7.1 8.7  C4-H4 13.1 ± 1.3 10.5 12.1 
E C1-H1 6.2 ± 1.0 6.0 7.4 F C1-H1 9.5 ± 2.0 11.1 12.6 
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C3-H3 13.5 ± 0.9 8.3 10.0  C2-H2 13.0 ± 1.3 10.7 12.2 
 
C4-H4 13.5 ± 1.3 5.6 7.3  C3-H3 15.8 ± 1.5 10.2 11.6 
 
C5-H5 6.4 ± 0.7 7.2 8.7  C4-H4 13.1 ± 1.3 10.9 12.4 
G C1-H1 6.2 ± 1.0 7.4 8.2 H C1-H1 9.5 ± 2.0 9.2 11.7 
 
C3-H3 13.5 ± 0.9 9.1 10.7  C2-H2 13.0 ± 1.3 9.0 11.5 
 
C4-H4 13.5 ± 1.3 6.4 8.2  C3-H3 15.8 ± 1.5 8.7 11.3 
 
C5-H5 6.4 ± 0.7 8.2 9.6  C4-H4 13.1 ± 1.3 9.7 11.9 
I C1-H1 6.2 ± 1.0 6.9 8.5 Lc C1-H1 8.4 ± 2.0 6.8 10.5 
 
C3-H3 13.5 ± 0.9 8.2 10.3  C3-H 13.0 ± 1.3 6.3 10.2 
 
C4-H4 13.5 ± 1.3 6.2 8.2  C4-H4 15.8 ± 1.5 6.1 9.9 
 
C5-H5 6.4 ± 0.7 7.6 9.3  C5-H5 13.1 ± 1.3 7.3 10.9 
a GlcA (or GlcNAc) residues of the decasaccharide gave rise to equivalent NMR signals and 1DCH values, as well.  
b
 non reducing end of the oligomer 
c
 β reducing end of the oligosaccharide 
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Table 2. Analysis of the seven clusters obtained by analyzing the RDC filtered MD data with 
the XCluster program. The averaged Φ/Ψ values for each type of glycosidic junction and their 
RMSD values (italic) are reported together with the averaged DIS values and the number of 
conformers within each group. 
 Φ1→3 Ψ1→3 Φ1→4 Ψ1→4 DIS No. Conf. No. Conf. % 
Cls_13 -73,57 116,32 -74,07 -118,55 46,64 42 7,36 
 
10,04 14,33 9,97 14,85 0,12 -- -- 
Cls_20 -74,79 116,50 -73,38 -116,69 46,93 23 4,03 
 
10,07 14,14 9,99 13,49 0,05 -- -- 
Cls_1 -75,99 114,71 -73,78 -119,63 47,46 127 22,24 
 
11,20 16,78 11,57 14,79 0,22 -- -- 
Cls_3 -76,17 114,31 -73,92 -119,98 48,13 92 16,11 
 
10,77 12,83 11,42 14,25 0,15 -- -- 
Cls_6 -76,63 114,50 -74,83 -123,26 48,63 61 10,68 
 
10,18 11,65 10,81 13,35 0,12 -- -- 
Cls_58 -77,51 113,62 -74,62 -126,24 49,20 28 4,90 
 
11,19 12,72 10,27 14,10 0,08 -- -- 
Cls_61 -78,95 111,21 -74,38 -126,25 49,71 31 5,43 
 
12,17 12,19 10,71 12,10 0,07 -- -- 
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Table 3: Calculated n values by POLYS for each cluster before the optimization process and the new values, together with the axial raise of the 
repeating unit h, obtained after minimization of both three- and four-folded helix.  
 
  Values obtained with n = 3 Values obtained with n = 4 
 n h h3  Φ1→3 Ψ1→3 Φ1→4 Ψ1→4 h4 Φ1→3 Ψ1→3 Φ1→4 Ψ1→4 
Cls_13 3,44 -9.79 -9,95 -78,3 112,2 -80,1 -123,3 -9,53 -68,9 120,40 -68,2 -113,8 
Cls_20 3,48 -9.77 -9,95 -79,9 112,0 -79,9 -121,8 -9,54 -70,5 120,2 -68,0 -112,4 
Cls_1 3,33 -9.88 -9,99 79,6 111,5 -78,3 -123,3 -9,60 -70,3 119,8 -66,8 -113,8 
Cls_3 3,31 -9.90 -10,00 -79,6 111,3 -78,1 -123,4 -9,61 -70.2 119.6 -66.6 -113.9 
Cls_6 3,23 -9.95 -10,02 -79,2 112,2 -77,0 -125,9 -9,64 -69,8 120,6 -65,7 -116,4 
Cls_58 3,11 -10.00 -10,03 -78,8 112,4 -76,1 -127,6 -9,67 -69,4 121,0 -65,1 -118,0 
Cls_61 3,04 -10.06 -10,07 -79,4 110,8 -74,9 -126,8 -9,72 -70,0 119,4 -64,1 -117,2 
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Table 4: Quantification of the population of conformers with respect to the three-fold or four-
fold helix models and with respect to the different values of the RMSD filter. Percentages (in 
parenthesis) are calculated with respect to the HARDC MD ensemble. 
Model 
structure 
  
0.6 
RMSD  
0.75 
 
1.0 
HAn3 7 29 (5.1%) 143 (25%) 
HAn4 1 7 (1.2%) 56 (9.8%) 
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Aromatic and Fluoroaromatic Compounds in Cyclodextrins as a Model for
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A combined NMR, computational, and HPLC study of the
inclusion of aromatic and fluoroaromatic compounds in
cyclodextrins has been carried out with the aim of studying
this process as a model for carbohydrate···aromatic interac-
tions. NMR experiments showed that although β-CD formed
an inclusion complex with benzene, no stable inclusion ad-
duct was formed with hexafluorobenzene. MM3* calcula-
tions confirmed these data and, when extended to naphtha-
lene, anthracene, phenanthrene, and their partially and fully
fluorinated analogues, showed that β-CD formed inclusion
adducts only with the hydrocarbons, whereas the partially
fluorinated derivatives were shown to enter the cavity only
with their non-fluorinated part, and the perfluoro compounds
were not included. HPLC experiments, carried out by eluting
these compounds through CD-modified HPLC columns, also
confirmed these results, at least with the mono- and bicyclic
Introduction
Many biological recognition processes are mediated by
interactions between proteins and the carbohydrates present
on the external surface of cell membranes.[1] The selectivity
and specificity of the carbohydrate···protein interaction de-
pend on a variety of factors. In the last few years it has
become clear that, apart from hydrogen-bonding and sol-
vation effects, the presence of aromatic rings at the binding
sites of lectins is essential for recognizing neutral sugars.
In particular, both the structure and conformation of the
carbohydrate,[2] as well as the nature and orientation of the
aromatic rings, are of paramount importance.[3] Hydro-
phobic faces of saccharides, featuring several non-polar C–
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arenes. Indeed, the elution of these derivatives showed that
the efficiency of the inclusion, as determined by comparing
HPLC retention times, decreased on passing from hydro-
carbons to partially fluorinated compounds, and reached a
minimum with perfluorinated derivatives. In contrast with
this general trend, 1,2,3,4-tetrafluoroanthracene had longer
retentions times on β- and γ-CD-modified HPLC columns
than anthracene, possibly for solubility reasons. As a whole,
these results were interpreted in terms of carbo-
hydrate···aromatic interactions between the C5–H5 bonds on
the hydrophobic faces of the sugars and the π electrons of the
aromatic partner. The interactions seem to have an important
dispersive component.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)
H groups, indeed interact with the aromatic residues of pro-
tein side-chains.[4] This fact has been proved experimentally
(e.g., by measuring affinities, but also by NMR spec-
troscopy and X-ray diffraction) and theoretical models have
demonstrated[5] that CH···π interactions play an important
role in stabilizing carbohydrate–protein complexes. This in-
teraction has also been shown to occur in the gas phase.[6]
The chemical nature of the aromatic ring seems to play
a key role in the binding process.[7] Despite the fact that,
for certain hevein domains interacting with chitooligosac-
charides, there are no major changes in the binding en-
thalpy when changing the key interacting residue from tyro-
sine to tryptophan,[8] in the related AcAMP2 peptide series,
significant differences have been found when changing one
of the key residues from phenylalanine to tryptophan to
naphthylalanine.[9] The binding affinity systematically in-
creased with the size and electronic richness of the aromatic
moiety. Moreover, the binding affinity suffered a decrease
of about one order of magnitude when phenylalanine was
changed to 4-fluorophenylalanine.[9]
Understanding the carbohydrate···aromatic interaction
phenomenon might be of crucial importance for the design
of glycomimetics that may act as potential drugs or inhibi-
tors in carbohydrate-mediated pathogenic processes. Thus,
F. Cozzi, J. Jiménez-Barbero et al.FULL PAPER
different authors have verified that these interactions do ac-
tually occur in simpler systems, not only in protein recep-
tors. For instance, carbohydrate···arene interactions have
also been shown to direct the conformational equilibrium
of glycophanes,[10] oligosaccharide mimics,[11] DNA-based
glyco-oligoamide moieties in water solution,[12] and aro-
matic-protected sugar derivatives in less polar solvents.[13]
It has also been reported by our group that upon the ad-
dition of a given aromatic molecule such as phenol to an
NMR tube containing an aqueous solution of a simple
monosaccharide such as β-methyl galactoside, specific up-
field shifts of the 1H NMR resonances of the monosaccha-
ride were observed.[14] This behavior has been taken as a
direct demonstration of the existence of sugar–aromatic
CH···π interactions,[15] which has also been claimed to bias
the conformational behavior of certain glycopeptides in
water solution.[16]
The presence of three C–H vectors pointing towards the
same spatial orientation seems to be a key factor in defining
the stabilization of the intermolecular carbohydrate···
aromatic interaction. Nevertheless, preliminary results ob-
tained from a comparison of the NMR spectroscopic data
of some of these molecules in water compared with those
measured in nonaqueous solvents, such as CD3OD or
DMSO,[17] seem to indicate a weakening of the observed
effects in the NMR spectra, and possibly suggest a role for
hydrophobic packing in defining the interaction.
Cyclodextrins (CD) are paradigmatic molecules for mim-
icking molecular interactions that occur in Nature.[18] They
are able to form inclusion compounds with a variety of or-
ganic molecules, with hydrophobic and van der Waals ef-
fects occurring within the cyclodextrin cavity, which acts as
driving forces for the recognition process.[19]
On this basis we have decided to use these well-charac-
terized simple molecules as targets for the recognition of a
variety of aromatic and fluoroaromatic compounds having
different chemical natures, sizes, and electronic distributions
(see Figures 3, 4, 5, 6, 7, and 8 for the structures of the
aromatic compounds). A combined multidisciplinary ap-
proach based on NMR,[20] molecular mechanics calcula-
tions,[21] and HPLC[22] has been chosen to explore these in-
teractions.
Results and Discussion
NMR Spectroscopy
Chemical shift values of molecules in solution are very
sensitive to environmental changes (e.g., solvent, tempera-
ture, neighboring molecules). Thus, the observation of
chemical shift variations is crucial for the identification of
protein···ligand interactions,[23] the determination of bind-
ing constants,[24] and the elucidation of protein secondary
structures.[25]
Thus, as a first step, 500-MHz 1H-NMR titrations of β-
CD with different compounds were performed by using
standard methodology. Figure 1 shows the variations in
chemical shifts observed in the 1H NMR spectra of β-CD
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in water (in the presence of 10 µL of methanol due to solu-
bility problems, 2% volume in the NMR tube) upon ti-
tration with benzene.
Figure 1. Variations of the chemical shifts of the β-CD protons
upon addition of increasing amounts of benzene to the NMR tube
with a constant concentration of β-CD. Upfield shifts are observed
for 3-H and, particularly, for 5-H. In contrast, the chemical shifts
of the benzene protons upon addition of increasing amounts of β-
CD to the NMR tube with a constant concentration of benzene
showed the opposite tendency compared with 3-H and 5-H of the
cyclodextrin. The data were recorded at 500 MHz and 298 K in
D2O with 2% of methanol for solubilizing benzene. Molar ratios
of 90:1 were reached.
As can be seen, a remarkable upfield shifting effect on
the chemical shift value of 5-H of β-CD is revealed. The
chemical shifts of the other protons are much smaller. This
fact is a clear indication of the inclusion of the aromatic
moiety within the CD cavity. The Job plot (Figure 2) indi-
cates the presence of a 1:1 molecular complex, and the asso-
ciation constant was estimated to be around 350 –1 at
room temperature. The NMR signals of benzene were also
strongly affected (downfield shifted) when increasing
amounts of β-CD were added to a solution of benzene in
water (in the presence of 10 µL of methanol to avoid solu-
bility problems, 2% volume in the NMR tube).
The comparison with hexafluorobenzene was then car-
ried out under the same experimental conditions. In this
case, the 1H NMR spectrum did not show any resonance
shift of the CD protons, which indicates that the fluorinated
analogue does not interact with β-CD. The same happened
to the 19F signals of the aromatic compound upon addition
of β-CD. The binding affinity, thus, should be below 1 –1
at best.
Larger aromatic moieties were then studied. For naph-
thalene, as well as for its tetra- and octafluoro analogues,
deuteriated DMSO was used as the solvent in the NMR
experiments due to solubility problems. The addition of
water, even in small amounts, precluded these experiments.
Therefore, no binding affinity in water could be estimated.
By using DMSO, none of the chemical shifts of any mole-
cule (CD or aromatic moieties) were perturbed. Thus, in
these cases, the binding affinity should also be below 1 –1.
It seems that water is required to be able to detect the inter-
action of CD with these aromatic moieties.
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Figure 2. Job plots for the direct and inverse titrations of β-CD
protons with benzene, as deduced by NMR experiments. Top: vari-
ation of the β-CD protons. Bottom: variation of the benzene pro-
tons. Only absolute values are given; the variations for the cyclo-
dextrin and benzene protons follow opposite trends.
A 3D Model: Molecular Mechanics and Dynamics
Calculations
As additional support to verify the existence (or absence)
of the complexes, molecular mechanics calculations were
performed on the different CD···aromatic systems.[21] We
decided to resort to molecular mechanics and dynamics cal-
culations due to the speed of the calculations and to the
fact that dispersion of electronic density and van der Waals
forces seem to be the key interactions in the process. The
corresponding terms should be properly parametrized in
the force fields currently used to deal with organic mole-
cules, for example, MM3*. Thus, different calculations on
the interaction of β-CD with benzene and hexafluoroben-
zene, naphthalene, 1,2,3,4-tetrafluoronaphthalene (two pos-
sible orientations within the CD cavity), and octafluoron-
aphthalene, anthracene and 1,2,3,4-tetrafluoroanthracene
(two possible orientations within the CD cavity), and phen-
anthrene and 1,2,3,4-tetrafluorophenanthrene (two possible
orientations within the CD cavity) were performed.
When the calculations, using the explicit solvent model
for water (GB/SA),[26] were performed for the inclusion of
benzene within the cavity, the included ring remained at
that position, showing oscillations around the central posi-
tion. MD simulations were performed at different tempera-
tures to show the stability of the complex (Figure 3).
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Figure 3. The interaction of β-CD with benzene according to
MM3* calculations. On the left-hand side, snapshots of three
frames from the AMBER-based MD simulation carried out in ex-
plicit water at 300 K. On the right-hand side is the final point of
a GB/SA MM3*-based MD simulation carried out at 200 K and
subsequently minimized. The distance from the center of the ben-
zene moiety to the center of the plane defined by O-2 and O-3 is
3.22 Å. The benzene fits well within the cavity and the different
C5–H5 bonds of β-CD point towards the aromatic molecule.
It was observed that between 100 and 300 K the trajec-
tories were stable and showed the included molecule. A
view of the orientation of the ring within the cavity, with
close contacts between the C5–H5 bonds of the cyclodex-
trin and the aromatic ring, is shown in Figure 3. In this case
the simulation was conducted at 200 K.
MD simulations using explicit solvent (TPI3P water)
were also performed at 300 K and 1 atm. The system was
stable for the 2 ns simulation and benzene was maintained
included within the cavity for the whole run, which re-
sembles the situation described above for the GB/SA simu-
lation.
Next, the same calculations were conducted for hexafluo-
robenzene by using both the GB/SA solvent model and ex-
plicit water. The minimization carried out by using molecu-
lar mechanics calculations led to a complex the energy of
which was much higher (above 10 kcal/mol) than that of
the previous CD···benzene complex. Both the explicit water
(Figure 4) and the GB/SA-based simulations led to the
dissociation of the complex with the aromatic C6F6 ring
well outside the cavity. Even at 100 K (GB/SA), and starting
from the inclusion compound, the complex dissociated im-
mediately (Figure 4).
Figure 4. The interaction of β-CD with hexafluorobenzene. Al-
though during MM3* minimization the hexafluorobenzene is kept
within the cavity, the complex is immediately dissociated during the
MD simulation, irrespective of whether the simulation is carried
out with the explicit water or the GB/SA solvent model, and even
at a very low simulation temperature. The figure shows the C6F6
ring outside of the CD ring.
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Then the complexation of higher aromatics was explored.
The same MM/MD protocol was applied to the complex
formed by β-CD and naphthalene. In this case, different
calculations were carried out, either by using the continuum
solvent model for water (GB/SA)[26] or by employing a bulk
dielectric constant of 47.5 to mimic DMSO as the solvent
(as employed in the NMR experiments). Depending on the
chemical nature of the aromatic ring, different starting geo-
metries were employed with different sides of the aromatic
embedded within the cavity (with hydrogen or fluorine
atoms).
The geometries obtained from the two computational
models were quite different (as observed in Figure 5). For
the calculations in water, the naphthalene ring is completely
embedded within the cavity, which parallels the situation
described above for benzene. In the case of the simulation
that mimics DMSO conditions, the interactions between the
aromatic moiety and the CD cavity are very superficial and
do not lead to major intermolecular contacts. Moreover,
the toroidal shape of the CD molecule is significantly dis-
torted upon binding to the aromatic molecule.
Figure 5. Models of the putative inclusion of a naphthalene mole-
cule in β-CD. On the left-hand side, the model depicts the structure
calculated by using the GB/SA continuum solvent model for water.
The naphthalene ring is well embedded within the cavity, especially
one of the two rings. On the right-hand side is the 3D model ob-
tained when using a dielectric constant of 47.5, which mimics the
behavior in DMSO. Very weak interactions are observed, but nei-
ther major contacts nor inclusion within the cavity. A clear distor-
tion of the toroidal shape of β-CD is evidenced to allow these inter-
molecular contacts.
This situation is even more evident for the putative com-
plexes of β-CD with the tetra- and octafluorinated naph-
thalene analogues (Figure 6). For 1,2,3,4-fluoronaphthalene
in water, the global minimum shows that only the non-fluo-
rinated ring is partially embedded (but not the fluorinated
ring) within the cavity, making contacts with the cyclodex-
trin molecule. When the calculations were started with the
fluorinated moiety inside the cavity, dissociation took place.
Moreover, when the calculations were performed by using
a dielectric constant of 47.5, mimicking the behavior in
DMSO, very minor interactions were observed, although
some distortion of the toroidal shape of the cyclodextrin
was evidenced. Also, this complex was not stable under
these conditions and dissociated after a few picoseconds in
the MD simulation, even at 100 K. When the simulations
were performed with octafluoronaphthalene, the aromatic
molecule left the cavity immediately, paralleling the behav-
ior of hexafluorobenzene depicted in Figure 4.
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Figure 6. Models of the putative inclusion of 1,2,3,4-tetrafluo-
ronaphthalene in β-CD. On the left-hand side, the model depicts
the best calculated structure using the GB/SA continuum solvent
model for water. Two possible orientations, with hydrogen or fluor-
ine atoms pointing towards the cavity, were tried as the initial struc-
tures. The non-fluorinated ring is partially embedded within the
cavity, making some contacts with the cyclodextrin molecule. On
the right-hand side is the 3D model obtained when using a dielec-
tric constant of 47.5, which mimics the behavior in DMSO. Basi-
cally, no weak interactions are observed, although some distortion
of the toroidal shape of the cyclodextrin is evidenced. This complex
is not stable and dissociates during a 1 ns MD simulation, even at
100 K. When the simulations were performed with the octafluoron-
aphthalene analogue, the aromatic molecule left the cavity immedi-
ately, resembling the behavior of hexafluorobenzene, as depicted in
Figure 5.
MM/MD calculations for the interaction of tricyclic aro-
matic molecules were also performed. Thus, anthracene,
phenanthrene, and their 1,2,3,4-tetrafluoro derivatives were
also studied (Figures 7 and 8).
Figure 7. Models of the putative inclusion of anthracene (left) and
phenanthrene (right) in β-CD using the continuum solvent model.
In both cases, the structures were calculated by using the GB/SA
continuum solvent model for water with the aromatic compounds
well embedded within the cavity, making key contacts with the
cyclodextrin molecule. This is especially the case for anthracene.
Figure 8. Models of the putative inclusion of 1,2,3,4-tetrafluoroan-
thracene (left) and 1,2,3,4-tetrafluorophenanthrene (right) in β-CD.
Two possible orientations, with the hydrogen or fluorine atoms
pointing towards the cavity, were tried as initial structures. The
depicted structures are those with better energy values. In both
cases, the structures were calculated by using the GB/SA contin-
uum solvent model for water, and show partial contacts of the non-
fluorinated rings with the CD cavity. The fluorinated rings are in
each case well outside the CD cavity.
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In both cases, the MM and MD simulations were per-
formed by using the GB/SA continuum solvent model for
water. As for 1,2,3,4-tetrafluoronaphthalene in water solu-
tion, the global minimum shows that only non-fluorinated
rings were partially embedded within the cavity, making
contacts with the cyclodextrin molecule. Again, only when
the starting geometry presented the hydrogen-containing
moiety within CD did the complexes remain stable. In those
cases in which complexes were formed, the fluorinated rings
are located well outside the CD cavity.
Correlation with HPLC Experimental Data
The commercial availability of HPLC columns modified
with α-, β-, and γ-cyclodextrins suggested the possibility of
studying the elution behavior of aromatic and fluoroaro-
matic compounds to qualitatively deduce how the
CD···aromatic interaction was influenced by the presence
of fluorine substituents on the arenes. In similar HPLC in-
vestigations of the inclusion of polycyclic aromatic hydro-
carbons,[22] it was assumed that a more favorable inclusion
should result in longer retention times (Rt). In those studies,
the inclusion phenomenon was assumed to essentially de-
pend on purely geometric factors, or, in other words, on
how nicely the aromatic molecules fitted within the CD cav-
ity. However, the electronic properties of the aromatic guest,
by influencing the dispersion effects involved in the in-
clusion event, should also affect the Rt. We reasoned that,
by comparing aromatic and fluoroaromatic molecules hav-
ing a homogeneous macroscopic structure (same number of
rings and overall molecular shape) and differing only in the
presence of H or F atoms, the influence of the geometric
component of the recognition process should be minimized
and the contribution of electronic factors should be maxim-
ized.
Therefore, several of the above-mentioned aromatic and
fluoroaromatic compounds (benzene, hexafluorobenzene,
naphthalene, 1,2,3,4-tetrafluoronaphthalene, octafluoro-
naphthalene, anthracene, and 1,2,3,4-tetrafluoroanthracene)
were eluted through α-, β, and γ-cyclodextrin-modified
HPLC columns. The observed Rt values are reported in
Table 1, together with the calculated volumes of the arenes
Table 1. Rt of aromatic and fluoroaromatic compounds on different HPLC columns (sample concentration ca. 10–5  in MeOH).
Compound Volume [Å3][a] Rt [min]
α-CD[b,c] β-CD[b,d] γ-CD[b,e] RP-18[f]
Benzene 83.8 3.51 25.31 5.00 –
Hexafluorobenzene 106.1 3.22 4.64 6.12 –
Naphthalene 126.5 4.30 45.63 24.09 5.68
1,2,3,4-Tetrafluoronaphthalene 140.8 3.96 19.88 17.38 8.97
Octafluoronaphthalene 156.4 3.52 7.28 6.86 7.41
Anthracene 167.9 6.70 75.07 33.80 10.66
1,2,3,4-Tetrafluoroanthracene 182.7 6.59 120[g] 39.13 21.36
[a] Volume calculated for optimized structures (MacroModel 9.1). [b] Eluent: MeOH/water, 25:75; flow rate: 1.0 mL/min; λ: 254 nm. [c]
Column: α-Cyclobond; volume of the inner cavity of α-cyclodextrin: 174 Å3 (ref.[18]). [d] Column: β-Cyclobond; volume of the inner
cavity of β-cyclodextrin: 262 Å3 (ref.[18]). [e] Column: γ-Cyclobond; volume of the internal cavity of γ-cyclodextrin: 427 Å3 (ref.[18]). [f]
Column: LiChrospher RP-18; eluent: MeOH/water, 85:15; flow rate: 0.9 mL/min; λ: 254 nm. [g] No peak was eluted 120 min after sample
injection.
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and the Rt values observed when these compounds were
eluted through a standard reversed-phase HPLC column
(LiChrospher RP-18).
Remarkably, no direct dependence of Rt on fluorine sub-
stitution was observed by using the RP-18 column. On the
other hand, an inverse relationship between Rt and the flu-
orine content was observed when all the tested compounds
were eluted through the α-cyclodextrin-modified column.
In this case, however, the internal cavity of α-cyclodextrin
(174 Å3) can be too narrow to allow an easy inclusion of
the aromatic molecules (with a possible exception of the
relatively small benzene and hexafluorobenzene molecules)
and information of limited relevance can be obtained by
comparing these short Rt values.
In contrast, the effect exerted by an increase of fluorine
content on the value of Rt of the mono- and bicyclic com-
pounds observed with the β-cyclodextrin-modified column
seemed more significant. The observed trend is in full agree-
ment with the predictions made on the basis of the calcula-
tions, that is, firmly embedded hydrocarbons and more
loosely interacting partially and fully fluorinated deriva-
tives. It is worth mentioning that the size of the cavity of β-
cyclodextrin (262 Å3) seems to be large enough to allow
sterically unhindered inclusion of these guest molecules, but
not too large to either prevent an effective CD···aromatic
contact or to let the included molecule slip too easily out
of the cavity. The distance between the CD inner wall and
the surface of the aromatic compound appears to be a cru-
cial issue because too long a distance would negatively af-
fect an inclusion phenomenon with a strong dispersive com-
ponent inversely proportional to the sixth power of the dis-
tance between the interacting bodies.
An inverse relationship between Rt and fluorine content
was also observed for the compounds of the naphthalene
series with the γ-cyclodextrin-modified column. For this
CD, the volume of the cavity (427 Å3) is too large for ben-
zene and hexafluorobenzene complexation, but still suitable
for a significant interaction with the bicyclic derivatives.
The fact that the Rt observed for naphthalene with the
smaller β-cyclodextrin is almost twice that observed with
the larger γ-cyclodextrin seems to confirm the importance
of the dispersive component in influencing the inclusion.
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Remarkably, the difference in the Rt values observed for
tetra- and octafluoronaphthalene with β- and γ-CD is
clearly smaller than that observed with naphthalene. This
fact also shows that the nature of the aromatic ring (and
therefore the character and availability of the aromatic π
cloud) indeed mediates the interaction with sugars and that
the interaction is much weaker for the fluorinated aromatic
compounds.
However, different observations were made for the an-
thracene derivatives. In this case, the observed effects can-
not be solely explained on the basis of CH···π interactions.
The Rt values for 1,2,3,4-tetrafluoroanthracene with both
β- and γ-cyclodextrin-modified columns are longer than
those observed for anthracene. Nevertheless, and based on
the MM3*-calculated complexes, it is possible to propose
a tentative explanation. The 1,2,3,4-tetrafluoroanthracene
molecule enters the cavity with its non-fluorinated terminal
ring with the fluorinated segment outside the cavity. Thus,
this moiety can easily form additional (polar) C–F···H–O
contacts with the hydroxy groups of the cyclodextrin, thus
affording a more stable adduct than that with anthracene.
Indeed, inspection of the computed 1,2,3,4-tetrafluoroan-
thracene–CD complex (see Figure 8, left) shows that the
fluorine atoms in the 1- and 4-positions are located less
than 3 Å from two opposite OH residues. Nevertheless, this
interpretation should be considered as merely speculative,
and can be easily disputed, because it is generally agreed
that aromatic fluorines barely accept hydrogen bonds[27]
and the existence of a C–F···H–O interaction in solution
has never been unambiguously demonstrated.[28]
On this basis, it also seems possible to interpret the ob-
served Rt values simply by considering that anthracene and
1,2,3,4-tetrafluoroanthracene interact similarly with the CD
cavity because the interactions involve non-fluorinated
rings and that the lower solubility of the fluorinated aro-
matic compound in the eluent accounts for its longer Rt.
This explanation is in part supported by the much longer
Rt observed for 1,2,3,4-tetrafluoroanthracene than for an-
thracene on the RP-18 column.
Discussion
Very recently, and in an effort to mimic Nature, a syn-
thetic lectin was chemically prepared by combining dif-
ferent molecular fragments that allow hydrogen bonds and
stacking interactions to be established simultaneously with
the target saccharides.[29] On this basis, the understanding
of the relative role of polar[30] and apolar interactions for
saccharide recognition is of paramount importance. The
NMR and HPLC experimental data agree with the calcula-
tions in showing that aromatic hydrocarbons form much
stronger complexes with CD than their perfluorinated ana-
logues, and, accordingly, that partially fluorinated polycy-
clic compounds enter the cavity of CDs with their non-fluo-
rinated rings. These findings are in line with the only two
literature reports that describe the inclusion of fluorinated
aromatic compounds in CDs. In 1992, Shibakami and Se-
kiya[31] showed, by X-ray crystallography, that α-CD forms
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inclusion complexes with 2- and 4-fluorophenol with the
fluorine atoms outside the cavity. The authors ascribed
these results to the ability of the non-included fluorine
atoms to form an intermolecular hydrogen bond with the
primary hydroxy group of another CD molecule in the crys-
tal. In 1997, Schneider and co-workers[32] demonstrated
that α-CD has a much lower affinity for pentafluorophenol
than for phenol (by UV/Vis titration), and that the former
enters the cavity only to a very limited extent (by using cal-
culations).
In contrast to the interpretation of F–OH hydrogen
bonds as the driving force for fluorine remaining outside
the cavity, our results fit within the framework of the mod-
ern interpretation of carbohydrate···aromatic interac-
tions.[14,17] This interpretation indicates that the interaction
is mediated by the dispersive contact between the π cloud
of an electron-rich aromatic ring and the hydrogen atoms
of the C–H bonds of the more apolar face of a sugar: The
more extended, polarizable, and electron-rich the aromatic
residue, the stronger the interaction. This explains not only
why electron-rich aromatic hydrocarbons are efficiently in-
cluded but electron-poor perfluorinated ones are not, but
also why molecules like naphthalene and 1,2,3,4-tetrafluo-
ronaphthalene, for which very similar molecular fragments
enter the cavity (see Figure 7), are retained to a different
extent. Clearly the presence of the electron-withdrawing flu-
orine atoms in 1,2,3,4-tetrafluoronaphthalene makes, at le-
ast in part, the non-fluorinated rings less electron-rich and
thus less prone to interact with the CD cavity.
Also worthy of comment are the results of MD calcula-
tions that show an included perfluoroaromatic compound
such as hexafluorobenzene, even when forcibly embedded
in the cavity at a simulated low temperature, spontaneously
exits the cavity to locate itself outside the CD. It is generally
accepted that the driving force for the inclusion of guest
molecules inside CDs is provided by the displacement of
“high-energy” water molecules located in a hydrophobic en-
vironment by more lipophilic guests.[19] Clearly, benzene
and hexafluorobenzene, both poorly soluble in water,
should be capable of this displacement. However, although
benzene does remain inside the cavity, hexafluorobenzene
does not. This seems to indicate that although an included
benzene molecule experiences a favorable interaction be-
tween its π cloud and the hydrogen atoms of the C5–H5
bonds directed towards the center of the cavity, this is not
the case for hexafluorobenzene, the π electrons of which,
attracted by the strongly electronegative fluorine atoms, are
much less polarizable than those of benzene and thus less
available for CH···π interactions.
Conclusions
In conclusion, a combined NMR, computational, and
HPLC study of the inclusion of some aromatic and fluoro-
aromatic compounds in cyclodextrins has been carried out
with the aim of studying this process as a model for the
carbohydrate···aromatic interaction. NMR experiments
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showed that although β-CD formed an inclusion complex
with benzene, no stable inclusion adduct was formed with
hexafluorobenzene. Molecular mechanics and dynamics
calculations using explicit and implicit solvent calculations
confirmed these NMR spectroscopic data and, when ex-
tended to naphthalene, anthracene, phenanthrene, and their
partially and fully fluorinated analogues, showed that β-CD
formed inclusion adducts only with the hydrocarbons, only
the non-fluorinated part of the partially fluorinated deriva-
tives enter the cavity, and that perfluoro compounds were
not included. Also HPLC experiments, carried out by elut-
ing the aromatic compounds through CD-modified HPLC
columns, confirmed these results, at least with the mono-
and bicyclic compounds. Indeed, the elution of these deriv-
atives showed that the efficiency of their inclusion, as deter-
mined by comparing HPLC retention times, decreased on
passing from hydrocarbons to partially fluorinated com-
pounds to reach a minimum with perfluorinated derivatives.
In contrast with this general trend, 1,2,3,4-tetrafluoroan-
thracene showed longer retention times than anthracene on
β- and γ-CD-modified HPLC columns. This observation
could be ascribed either to adduct-stabilizing interactions
between the fluorine atoms of 1,2,3,4-tetrafluoroanthracene
and the hydroxy groups of the cyclodextrin, or, more likely,
to the poor solubility of this compound in the eluent.
From a more general perspective, these results as a whole
reinforce the notion[14–17] that carbohydrate···aromatic
binding involves interactions between C–H bonds on the
hydrophobic face of the sugar and the π electrons of the
aromatic partner. The presence of electron-withdrawing
substituents on the aromatic ring hampers in part, or pre-
vents altogether, the binding event. The observation that
the strength of the interaction decreases with increasing dis-
tance between the CD inner wall and the aromatic surface,
likely suggests that the interaction has a strong dispersive
component.
Experimental Section
Materials: Benzene, hexafluorobenzene, naphthalene, octafluoron-
aphthalene, and anthracene were commercial compounds. They
were purified by distillation or crystallization prior to use. 1,2,3,4-
Tetrafluoronaphthalene and 1,2,3,4-tetrafluoranthracene were pre-
pared as described previously[33] and purified by crystallization.
HPLC was carried out on an Agilent 1100 instrument; Cyclobond
and LiChrospher columns were used as purchased.
Theoretical Calculations: Molecular mechanics and dynamics cal-
culations were performed on a personal computer operating under
Linux with the MM3* force field,[34] as integrated in the Maestro
suite of programs.[35] Coordinates determined previously for the
CDs[21] were used as the starting point for the calculations. The
aromatic moieties were manually included within the cavity, at dif-
ferent positions, and left free during the minimization process.
For the molecular mechanics calculations, the geometries of the
complexes were optimized by using the 200 steepest descent steps
followed by 5000 conjugate gradient iterations until the root mean
square derivative was less than 0.03 kJmol–1Å–1.
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For the asymmetric fluorinated analogues, the two possible binding
modes, with either the fluorinated part inside or outside, were
tested.
In the first step, the MD simulations were carried out by using the
same MM3* force field and a time step of 1 fs. The equilibration
period was 200 ps. After this period, structures were saved every ps
for 1–5 ns at three different temperatures, 100, 200, and 300 K.
Longer simulations were performed for the non-fluorinated ana-
logues. The GB/SA solvent model for water or a 47.5 dielectric
constant value, to mimic DMSO, was employed in the different
simulation processes.
For benzene and hexafluorobenzene, additional simulations were
carried out in explicit solvent by using TIP3P water. In these cases,
each of the different starting geometries was immersed in a periodic
water box that extended up to 10 Å away from any solute atom.
Periodic boundary conditions were applied and electrostatic inter-
actions were represented by using the smooth particle mesh Ewald
method[36] with a grid spacing of 1 Å. Molecular dynamics simula-
tions were carried out at 300 K and 1 atm by using the SANDER
module in AMBER 8.[37] SHAKE[38] was applied to all bonds in-
volving hydrogen atoms, and the integration time step was 2 fs. The
simulation protocol consisted of a series of progressive energy mini-
mizations followed by a 20 ps heating phase and a 250 ps equilibra-
tion period after which a 2 ns unrestricted dynamics simulation was
performed.
NMR Spectroscopy: Sample pH values were tested by using a thin
electrode (Wilmad) fitted directly in a 5-mm NMR tube. The sam-
ple concentrations of the titrated component were between 0.2 and
1.0 m, the aromatic/CD molar ratio was varied from 0:1 to 90:1
and 1:0 to 1:90. The solutions were not degassed.
All NMR spectra were recorded with a Bruker Avance 500 spec-
trometer at 298 K (1H frequency of 500 MHz). In every case, the
lock signal was adjusted to D2O. The spectra were processed by
using Topspin software (version 1.3, Bruker Biospin Inc.). The res-
onance of the [D4]trimethylsilylpropionic acid sodium salt (TSP)
was used as external reference.
One-dimensional high-resolution experiments were recorded with
32 K complex data points and 16 scans were collected at a spectral
width of 4500 Hz. The original FID was zero-filled to 64K and a
Fourier transformation using an exponential window function was
applied [exponential multiplication, line broadening (lb) = 1 Hz].
HPLC: Samples were prepared by dissolving a known amount of
substance (typically 0.05 mmol) in 100 mL of HPLC grade meth-
anol. If dissolution was not complete, the mixture was heated and
the solution was further diluted to reach a concentration of ca.
10–5 . The injected volume was 1 µL. During elution, the column
temperature was maintained at 30 °C. Frequent column regenera-
tion was required to preserve column efficiency, avoid peak broad-
ening, and minimize peak asymmetry.
Supporting Information (see footnote on the first page of this arti-
cle): Details of the MD simulation for the β-cyclodextrin/hexafluo-
robenzene complex.
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Figure S1. The interaction of β-CD with hexafluorobenzene according to MM3* 
calculations. Even starting from the hexafluorobenzene molecule within the cavity and 
keeping the simulation temperature very low, the complex is immediately dissociated. The 
four structures correspond to four different local minima found after saving different 
snapshots from the MD trajectory at 100 K. 
 
 
 
Figure S2. The dissociation of the β-CD/hexafluorobenzene complex according to MD 
simulations. Even starting from the hexafluorobenzene molecule within the cavity, the 
aromatic moiety evolves further and further from the CD cavity. The figure shows different 
snapshots from the MD trajectory at 100 K. 
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